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SUMMARY 
This research was undertaken to ascertain the applicability 
of a general equation, which was proposed by Redlich and Kister , to 
the prediction of vapor-liquid phase equilibrium of binary mixtures 
which exhibit partial miscibility, using only a knowledge of the liquid-
liquid phase equilibrium of the mixtures. A second purpose was to de-
termine the applicability of the Redlich-Kister equation to the predic-
tion of vapor-liquid phase equilibrium in partially miscible ternary 
solutions, using only a knowledge of the equilibrium properties of the 
constituent binary pairs. 
The Redlich-Kister equation was used in this study because of 
its mathematical flexibility, coupled with the fact that the vapor-liquid 
data for many systems have been shown to be adequately represented by 
(2) 
the Redlich-Kister model for the Gibbs excess free energy . This 
model is essentially a truncated power series expansion of the Gibbs 
excess free energy in terms of liquid compositions and undetermined 
(25) parameters. Although Hala et ,al. have shown that this model can 
be obtained from the more general Wohl equation by making certain sim-
plifying assumptions, the Redlich-Kister model was originally presented 
as a power series expansion of the Gibbs excess free energy function in 
such a way that the higher terms were corrections of the terms of lower 
order. Partial differentiation of the Redlich-Kister model with respect 
to the mole numbers yielded a set of equations for the logarithms of the 
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activity coefficients as functions of the liquid composition and 
parameters. 
A literature survey was made to collect the data for the binary 
systems. Specifically, the data desired were: 
1. Isothermal vapor-liquid equilibrium data below the critical 
solution temperature for the homogeneous regions (on both sides of the 
binodal curve) of partially miscible binary solutions. 
2. Isothermal vapor-liquid equilibrium data above the critical 
solution temperature for these binary solutions. 
3. Liquid-liquid mutual solubility data for the same binary 
solutions. 
A literature survey was made to collect the data for the ternary 
system. The data desired were: 
1. Isothermal vapor-liquid equilibrium data for a partially 
miscible ternary, system. 
2. Isothermal vapor-liquid equilibrium data for the constituent 
binary systems. 
3. Liquid-liquid mutual solubility data for the ternary system. 
The desired data were not found for any partially miscible binary 
system or for any partially miscible ternary system. This finding was 
(3) substantiated by a similar report . Therefore a decision was made to 
determine experimentally the desired vapor-liquid equilibrium data for 
some specific systems for which the mutual solubility data had been 
previously reported in the literature. The systems chosen were hydro-
carbon—nitroethane systems investigated by Hwa and Techo . Hwa 
xii 
had reported the binary solubility data and Techo had reported the 
mutual solubility data for the ternary solution chosen for this re-
search. 
Table 1 presents a summary of the systems investigated in this 
research, the temperature at which the vapor-liquid data were measured, 
the number of experimental data points obtained for each system, and 
the values Hwa reported for the critical solution temperatures. 
Table 1. Summary of the systems for Which Vapor-Liquid 
Equilibrium Data Were- Measured in This Research 
Critical Number of 
0 . Equilibrium Solution Experimental 
Systems _ , T , ,, r . . , 
7 Temperature Temperature Vapor-Liquid 











35.00 41,3 13 
45.00 29.5 14 
35.00 29.5 21 
25.00 29.5 10 
45.00 29.3 15 
25.00 29.3 13 
25.00 26.7 13 
35.00 26 
45.00 15 
From Table 1 it can be seen that vapor-liquid equilibrium data 
were measured below the critical solution temperature for each of the 
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partially miscible systems. Such measurements were confined to the 
homogeneous liquid concentration range (on both sides of the binodal 
curve). Vapor-liquid equilibrium measurements were also made above 
the critical solution temperature for the 2,2,4-trimethylpentane--
nitroethane system and the normal hexane—nitroethane system. 
The nitromethane—benzene system was investigated using the 
vapor-liquid equilibrium still built for this research and the results 
(5) were compared with the data of Brown and Smith . The data from this 
research and the data of Brown and Smith were both shown to be thermo-
dynamically consistent. Furthermore the equilibrium total pressure and 
the equilibrium liquid and vapor compositions of both sets of data were 
found to be in good agreement. Thus an independent check was afforded 
for the accuracy of the vapor-liquid equilibrium apparatus used in this 
research. 
The equilibrium apparatus used to determine the vapor-liquid 
equilibrium data consisted of: 
1. A flow-type vapor-liquid equilibrium still. 
2. A manostat for controlling the pressure. 
3. A manometer for measuring the total pressure of the system. 
4. A thermocouple for measuring the equilibrium temperature. 
5. Analytical instruments for determining the composition. 
The equilibrium still was a flow-type still described by Vilim 
et al. . Unlike most other stills, the flow-type still can be used 
to measure the vapor-liquid phase equilibrium in systems which exhibit 
partial miscibility. Since the systems of interest in this research 
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were partially miscible, the use of most of the other types of stills 
was excluded. Furthermore, there are indications that prolonged heat-
ing of distillation residues of nitroethane at atmospheric pressure 
(7) 
has led to violent explosions . Since the equilibrium measurement 
in the flow-type still is completed in a matter of minutes as compared 
with some hours for other type stills, the safety viewpoint also in-
fluenced the selection of the flow-type still. Insofar as the precision 
of the instrument is concerned, Vilim e_t a_l. showed the results obtained 
from this type still to be thermodynamically consistent. The results of 
the present research confirm this observation. 
The manostat chosen for this research was a modification of the 
Williams type manostat. Vilim et a_l. give the details of the 
construction. The manostat maintained the pressure constant to within 
O.Ol mm. Hg. 
The manometer was an absolute type U-tube mercury manometer con-
structed of 19 mm. inside diameter Pyrex glass tubing. The height of 
the mercury column was measured by comparison with a stainless steel 
standard meter bar which was located vertically within two seconds of 
arc and was graduated in 0.1 cm. intervals0 The 0.1 cm„ subintervals 
of the meter bar were interpolated to 0.005 cm. by using a cathetometer. 
The thermocouple was a copper-constantan couple calibrated against 
an NBS certified mercury thermometer which was graduated in 0.1°C sub-
intervals. The thermocouple EMF was measured by a Leeds and Northrup 
type K-3 potentiometer used in conjunction with a Leeds and Northrup 
type E galvanometer. Vapor pressure measurements made in the 
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equilibrium still indicated that the probable error in the temperature 
was 0.02°C. 
The compositions were determined by a refractometer and gas 
chromatographic analysis. The refractive index analysis was repro-
ducible to 0.0005 mole fraction unit. The estimated error in the 
chromatographic analysis was 0.0005 mole fraction unit for the binary 
mixtures and 0.002 mole fraction unit for the ternary mixture. 
All systems were tested for thermodynamic consistency by using 
(3) 
the method described by Techo . Briefly, Techo described his pro-
cedure as a method for using electronic digital computers to determine 
the thermodynamic consistency of isothermal binary vapor-liquid equi-
librium data. Two sets of orthogonal polynomials., P = p(x) and 
Y =: y(x), were obtained by fitting the experimental total pressure 
and vapor composition data as functions of liquid composition accord-
ing to the method of least squares. For p(x) and y(x) various 
polynomials ranging in degree from two to the number of experimental 
data points less one were determined. All of the combinations of 
the degrees of the fitted polynomials were used to compute the excess 
chemical potentials which were substituted into the Gibbs-Duhem equa-
tion. That combination of polynomialss P.= p(x) and Y = y(x), which 
minimized the Gibbs-Duhem equation was said to characterize the experi-
mental data in the best possible manner with regard to the thermodynamic 
consistency of the data. 
The results of Techo's consistency test indicated that the data 
for the following systems were thermodynamically consistent: 
xv i 
1. 2,2,4-trimethylpentane--nitroethane at 35.00°C. 
2. 2,2,4-trimethylpentane--nitroethane at 45.00°C. 
3. Normal octane—nitroethane at 35.00°C. 
(5) 
4. Nitromethane—benzene (Brown and Smith ') at 45.00°C. 
5. Nitromethane--benzene (this research) at 45.00°C. 
The results of the consistency test for the other systems studied 
in this research indicated an insufficient number of experimental data 
points for each system. This conclusion was based on the observation 
that the degrees of the best fitting p(x) or y(x) polynomials for 
these systems were equal to the maximum possible degree which could be 
fitted to the number of available points. 
Lacking more experimental data for these systems, one is forced 
to resolve the issue of thermodynamic consistency by some other method. 
One such method would involve the selection of a thermodynamically con-
sistent model for the excess free energy function, and the evaluation 
of the parameters of this function by a least squares technique. Then 
one might reasonably conclude that if the experimental (x, y, P, T) 
data set were back calculated from the fitted excess free energy model 
within some arbitrarily prescribed limits of agreement, then the model 
chosen could be said to represent adequately the experimental data, 
and furthermore the data could be considered to be thermodynamically 
consistent. A proof was developed and presented in this research to 
show that this criterion is in fact a sufficient condition for thermo-
dynamic consistency. It is worthwhile to point out here that this 
approach to the thermodynamic consistency of vapor-liquid data has 
xvii 
apparently either been overlooked by other investigators, or it has 
been regarded by them as a not sufficient condition. The method devel-
oped in this research has an obvious advantage over the more popular 
slope or area tests for consistency, namely, it provides a measure of 
the inconsistency of the data in terms of experimentally measured quan-
tities (x, y, P, T), rather than some other quantities which are not 
subject to direct measurement (e.g., activity coefficient, excess free 
energy, chemical potential, slope of chemical potential with respect to 
composition, etc.). 
The use of this method in conjunction with the Redlich-Kister 
model for the Gibbs excess free energy showed all the data measured 
in this research to be thermodynamically consistent. 
In order to investigate the effect of the number of constants 
used in the Redlich-Kister model, the 1-, 2-, 3-, 4-, and 5-constant 
Redlich-Kister models were fitted to the experimental vapor-liquid 
data by the method of least squares. It was observed that the higher 
order terms served as corrective terms for the terms of lower order. 
This was in agreement with the observations of Redlich and Kister. The 
4-constant equation agreed with the experimental data with a maximum 
deviation of ± 0.0005 mole fraction and ± 0.16 mm. Hg. The mutual 
solubility curve calculated from the 4-constant equation agreed with 
the values reported by Hwa within 0.002 mole fraction unit . Therefore, 
the 4-constant model was chosen as an adequate mathematical representa-
tion of the data. 
The following observations were made from this investigation: 
xviii 
1. The data obtained from the flow-type vapor-liquid equilibrium 
apparatus constructed for this research were found to be thermodynami-
cally consistent. This conclusion was based on a total of eight sets of 
binary isothermal vapor-liquid equilibrium data for five binary systems 
and one set of ternary isothermal data measured in the equilibrium appa-
ratus. Four sets of the binary data were measured below the critical 
solution temperature. 
2. The 4-constant Redlich-Kister binary model for the Gibbs 
excess free energy was found to adequately represent the vapor-liquid 
equilibrium data of the binary hydrocarbon—nitroethane systems studied 
in this research, both above and below the critical solution tempera-
ture. 
3. The Redlich-Kister ternary model for the Gibbs excess free 
energy was found to adequately represent the vapor-liquid data in the 
partially miscible ternary system (normal octane--2,2,4-trimethylpen-
tane--nitroethane) using only the constants of the Redlich-Kister 
4-constant model for the constituent binary pairs. The agreement of 
the fit was 0.002 mole fraction unit and 0.11 mm. Hg. 
4. The parameters of the binary Redlich-Kister 2-constant model 
were calculated below the critical solution temperature from the mutual 
(4) 
solubility data of Hwa . Linear relationships were found to exist 
between these constants and the reciprocal of the absolute temperature 
below the critical solution temperature. The values of the vapor com-
position and total pressure calculated from these 2-constant models 
were found to agree well with the values calculated from the 4-constant 
xix 
models chosen to represent the experimental vapor-liquid data below 
the critical solution temperature for the homogeneous liquid concen-
tration range between 0.1 and 0.9 mole fraction. This indicates that, 
from mutual solubility data only, for the systems studied, the 2-para-
meter model could be successfully used to obtain values in the homo-
geneous region of a partially miscible binary system. 
5. The linear relationships were extrapolated to temperatures 
above the critical solution temperature to obtain an estimate of the 
values of the parameters of the Redlich-Kister 2-constant model at 
these higher temperatures. The values of the vapor composition and 
the total pressure calculated from these 2-constant models were found 
to agree with the values calculated from the 4-constant models chosen 
to represent the experimental vapor-lqiuid data, provided the tempera-
ture was not close to the critical solution temperature. Near the 
critical solution temperature the agreement was less by an order of 
magnitude. This indicates that, for partially miscible binary systems, 
the mathematical models used in this research to describe the homo-
geneous region below the critical solution temperature can be extra-
polated to adequately describe the homogeneous properties above the 
critical solution temperature. 
6. The ternary experimental data were compared with the results 
calculated from the combination of the 2-constant Redlich-Kister para-
meters obtained from the mutual solubility data (normal octane) and 
the parameters estimated from the linear extrapolation (2,2,4-trimethyl-
pentane), assuming the normal octane--2,2,4-trimethylpentane binary 
XX 
system to be ideal. The calculated results were found to differ from 
the experimental values by as much as 0.01 mole fraction unit and 
four mm. Hg. 
Based on the results of this work several conclusions were drawn. 
These conclusions, while applying specifically to the systems studied, 
are presented in a general form because it is believed that they may 
have application to other systems as well. 
1. Using the Redlich-Kister 2-constant model, it is possible to 
successfully predict the isothermal vapor-liquid phase equilibria below 
the critical, solution temperature of a binary mixture from liquid-liquid 
solubility data. 
2. Using the Redlich-Kister 2-constant model, it is possible to 
successfully predict the isothermal vapor-liquid phase equilibria of a 
binary mixture above the critical solution temperature by extrapolation 
of the mathematical model used to describe the binary mixture below the 
critical solution temperature. If the temperature of interest is within 
a few degrees of the critical solution temperature, such a prediction 
may be unsatisfactory. 
3. Using the Redlich-Kister model, it is possible to success-
fully predict the isothermal vapor-liquid phase equilibria of a partially 
miscible ternary mixture using only a knowledge of the equilibrium prop-
erties of the constituent binary pairs. 
4. A new method was developed for testing the thermodynamic 
consistency of vapor-liquid equilibrium data. The method uses a cri-
terion which was shown in this research to be a sufficient condition 
xxi 
for thermodynamic consistency. The method has a decided advantage over 
the more popular slope type and area type tests in that it bases the 
criterion of consistency directly on the agreement with the experimentally 
measured (x, y, P, T) data. 
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NOMENCLATURE AND DEFINITION OF TERMS 
In the absence of a universally accepted system of notation for 
thermodynamic quantities, individual authors have the responsibility of 
making a choice whenever the existing systems are in conflict. The 
initiate in the field usually follows the notation of a text from which 
he has studied or uses standards set up by some professional society. 
With several exceptions, this paper will follow the notations used by 
I. Prigogine and R. Defay in their book, Chemical Thermodynamics* 
(22) 
translated by D. H. Everett 
LIST OF SYMBOLS 
activity of component i 
(T) second virial coefficient in liters/gram-mole 
symbol for differentiation 
base of natural logarithms 
Gibbs excess free energy 
Gibbs molar excess free energy 
integral heat of mixing 
as a subscript refers to a generalized component 
as a subscript refers to a second generalized component 
a constant 
natural logarithm 
logarithm to the base 10 
number of moles of component i 
total pressure of a system 
partial pressure of component i 
vapor pressure of pure component i 
gas constant 
equivalent to 2B12(t) - Bla_(t) - B22(t) 
absolute temperature in degrees Kelvin 
critical temperature in degrees Kelvin 
reduced temperature = T/T 
temperature in degrees centigrade 
Xxiv 
E 
AV excess molar volume of mixing 
v molar volume 
V. molar volume of pure liquid component i 
x. mole fraction of component i 
GREEK ALPHABET 
Y- activity coefficient of component i 
9 symbol for partial differentiation 
E 
IV. excess chemical potential of component i 
) symbol for summation 
(number) denotes a reference to the bibliography^ denotes an equation 
number. The word "equation" precedes this symbol. 
CHAPTER I 
INTRODUCTION 
The main purpose of undertaking this research was to ascertain 
the applicability of a general equation, which was proposed by Redlich 
(l) and Kister , to the prediction of vapor-liquid phase equilibrium of 
binary solutions which exhibit partial miscibility, using only a know-
ledge of the liquid-liquid phase equilibrium of the mixtures. A 
second purpose was to ascertain the applicability of the Redlich-Kister 
equation to the prediction of vapor-liquid phase equilibrium in par-
tially miscible ternary solutions, using only a knowledge of the equilib-
rium properties of the constituent binary pairs. 
The two general concepts which are to be examined in this re-
search were proposed a number of years ago. However, the basic assump-
tions involved in them were so simple that their validity was harder to 
believe than to doubt at first presentation. Furthermore, the validity 
of these concepts has become obscured in a cloud of observations, and 
hence the basis for promulgating their use has been one of expediency 
rather than discerning judgement. Such a situation was rather ele-
gantly described by Lucretius in the first century B. C. 
No fact is so simple that it is not harder to believe than 
to doubt at the first presentation. Equally, there is nothing 
so mighty or so marvelous that the wonder it evokes does not 
tend to diminish in time. Take first the pure and undimmed 
lustre of the sky and all that it enshrines: the stars that 
roam across its surface, the moon and the surpassing splendor 
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of the sunlight. If all these sights were now displayed to 
mortal view for the first time by a swift unforeseen revela-
tion, what miracle could be recounted greater than this? 
What would men before the revelation have been less prone to 
conceive possible? Nothing surely. So marvelous would have 
been that sight — a sight which no one now, you will admit, 
thinks worthy of an upward glance into the luminous regions 
of the sky. So has satiety blunted the appetite of our eyes. 
Desist, therefore, from thrusting out reasoning from your 
mind because of its disconcerting novelty. Weigh it, rather, 
with discerning judgement. Then, if it seems to you true, 
give in. If it is false, gird yourself to oppose it. 
The first purpose of the research deals with the idea of pre-
dicting binary vapor-liquid equilibrium data from mutual solubility 
data, and this idea is certainly not new. Nor is there anything novel 
about the general idea involved in the second purpose of this research, 
i.e., predicting ternary properties from a knowledge of the properties 
(9) 
of the constituent binary pairs. For example, Robinson and Gilliland 
and Treybal mention the use of mutual solubility data for binary 
systems as a basis for calculating binary vapor-liquid equilibrium data, 
and Treybal and Rowlinson refer to the use of binary equilib-
rium data to predict the ternary equilibrium relationships. Where, then, 
is the "disconcerting novelty" of which Lucretius speaks? It is in the 
applicability of these two general ideas to actual systems which exist 
in the real physical world. From the viewpoint of the imaginary world 
of mathematics, these two ideas have certain merit. For example, if one 
conceded that a particular two-parameter mathematical model exactly 
described the phase equilibria (both vapor-liquid and liquid-liquid) of 
a partially miscible binary system, then the methods of Robinson and 
Gilliland and Treybal show how these two parameters may be eval-
uated from liquid-liquid mutual solubility data. On the other hand, 
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if one knew a priori that the phase equilibria of a given partially 
miscible binary solution were not exactly described by a mathematical 
model with only two parameters, then mutual solubility data obviously 
could not give sufficient information to obtain the parameters of this 
mathematical model, and, therefore, one could not predict exactly the 
vapor-liquid equilibria from the liquid-liquid equilibria. Similarly, 
the successful prediction of ternary vapor-liquid equilibrium data from 
only the equilibrium data for the constituent binary pairs depends on 
the validity of the assumption that a mathematical model which represents 
the ternary system is obtainable by some combination of the mathematical 
models which describe the binary systems. 
In other words, the two general ideas which are to be examined 
in this research were originally considered to have some merit simply 
because of the tacit assumption that the behavior of certain types of 
systems found in the real physical world can be described by particular 
types of models taken from the imaginary world of mathematics. It would 
seem upon a cursory examination that one could test the validity of the 
first idea simply by obtaining both mutual solubility data and vapor-
liquid data for a partially miscible binary system, and then deciding 
whether the observations were described by the required type of mathe-
matical model. Likewise, it would seem that the truth of the second 
idea could be tested by obtaining vapor-liquid data for a partially 
miscible ternary solution along with the same type of data for the con-
stituent binary pairs, and then deciding whether the prescribed mathe-
matical model described the observed behavior of the particular system. 
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However, even before one searches the literature for experi-
mental observations, it is well to keep in mind that there are some 
well-known shortcomings of any mathematical model used to describe a 
partially miscible binary system, and, keeping in mind the words of 
Lucretius, it is precisely these shortcomings which would make the two 
(12) 
ideas under discussion harder to believe than to doubt. Heringtonx , 
for example, showed that it is necessary for the activity coefficient, 
f.y to vary inversely with the liquid composition, x., in the two-
phase liquid-liquid region of a partially miscible binary solution. 
This necessary relationship, expressed mathematically as Equation (l), 
arises because of the requirement that the phases are in fact in equi-
librium. 
K 
Yi ~ ^ (1) 
Furthermore, the Redlich-Kister equation, which is the particular 
mathematical model used in this research, never reduces identically 
to Equation (l) over any finite composition range. Thus, any attempt 
to describe the behavior of any partially miscible system by the Redlich 
Kister equation seems doomed to failure even before one tries to obtain 
experimental data in order to determine the validity of the model. But 
this brings up a question of even more fundamental significance. Has 
the behavior of any system in the real physical world been shown to be 
exactly described by a mathematical model? Three words in this question, 
namely, "behavior," "describe," and "exactly," need further amplifica-
tion. By "behavior" is meant the action or reaction of a system in 
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relation to its environment. By "describe" it is meant that the value 
of the range of the mathematical function must be in accord with the 
behavior of the system for every value of the applicable mathematical 
domain. Thus, if one allows the mathematical domain to consist of a 
continuous interval, then the model is said to describe the real phys-
ical system if and only if the model predicts the behavior of the system 
for all possible domain values for which the real physical system exists, 
i.e., the model must accurately interpolate between discrete sets of 
observations (data). The word "exactly" will be taken to mean that 
the numbers calculated from the mathematical model have no error asso-
ciated with them. 
Now, the only way one has of relating a mathematical model to 
the behavior of any system of the real physical world is by means of 
observed values of physical quantities. The observed values are usually 
referred to as experimental data. One can never relate a mathematical 
model directly to the behavior of a real physical system without this 
transitional device, called "experimental data." The process involves 
observing a system to obtain the experimental data, and then making 
computations to determine the applicable mathematical model. Values 
which are calculated from the model are then compared with their cor-
responding observed (experimental) values. If the calculated and 
experimental results agree within some arbitrary limits, the model 
is said to describe the system insofar as the discrete set of observa-
tions are concerned. But one is still not in the position to speak 
with certainty of the accuracy of the values calculated from such a 
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model if domain values are involved which are not contained within the 
discrete set of observations. 
If the experimental data have inherent error, no matter how 
small, any mathematical model which exactly describes the set of experi-
mental data cannot exactly describe the behavior of the system, except 
by a most fortuitous coincidence. Likewise, if a mathematical model does 
not exactly describe a set of experimental data, one cannot say for a 
certainty that the model does not describe the behavior of the system 
under consideration. Few will assert that any observation is without 
error. Therefore, one is forced to concede that at the present time 
there is no system in the real physical world whose behavior has been 
shown to be exactly described by a mathematical model. 
Having conceded the point, one then asks another question which 
is more realistic. If experimental data for a system have some error 
inherent in them, is it possible to approximate the behavior of the 
system by a mathematical model which represents the data? The answer 
to this question is obviously yes, since the word "approximate" is 
certainly open to a wide range of interpretations. 
Many such approximations involve extremely careful and accurate 
work. The key to the issue lies in the type of mathematical model 
chosen and the accuracy of the experimental data. For example, if a 
power series expansion is chosen which can be shown to approximate as 
closely as one pleases any continuous function, provided sufficient 
terms are taken, it would obviously be expected that any set of dis-
crete data points could be described with any arbitrary accuracy by 
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such a model. Hence, even though there is the evidence of Herington 
to cause us to look dimly on any hope of success from the standpoint of 
absolute accuracy, there is certainly hope that some types of mathemat-
ical models will approximate the data to the desired degree of accuracy. 
(3) The work of other investigators may now be examined. Techo 
conducted a comprehensive survey of the literature in which Chemical 
Abstracts (1947-1959) and five other secondary reference sources were 
examined for isothermal binary and ternary vapor-liquid data in par-
tially miscible systems. During the course of the present investigation 
a similar search was made using Chemical Abstracts (1907-1961). Speci-
fically, the binary data desired were: 
1. Isothermal vapor-liquid equilibrium data below the critical 
solution temperature for the homogeneous regions (on both sides of the 
binodal curve) of partially miscible binary solutions. 
2. Isothermal vapor-liquid equilibrium data above the critical 
solution temperature for these binary solutions. 
3. Liquid-liquid mutual solubility data for the same binary 
solutions. 
The data desired for the ternary systems were: 
1. Isothermal vapor-liquid equilibrium data for a partially 
miscible ternary system. 
2. Isothermal vapor-liquid equilibrium data for the constituent 
binary systems. 
3. Mutual solubility data for the ternary system. 
The desired data were not found to be available for any partially 
miscible binary system or for any partially miscible ternary system. 
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However, some information was found which was of interest to this 
particular research. 
Based on the indirect data of total pressure measurement and 
liquid composition coupled with the assumption that y2 is unity over 
the mole fraction range of liquid compositions, 0 < x± < 0.25, Mertes 
(13) and Colburn computed the constants of the two-parameter Margules 
equation for binary mixtures of furfural with n-butdne and isobutane 
below the critical solution temperature. These investigators noted 
that linear relationships existed between the Margules constants and 
the reciprocal of the absolute temperature for temperatures below the 
critical solution temperature. Similar computations for the 1-butene-
furfural binary mixture at temperatures above and below the critical 
solution temperature indicated such a relationship was possibly not 
valid both above and below the critical solution temperature. However, 
there was doubt concerning the accuracy of the experimental measure-
ments and the validity of the assumptions involved in the computation 
of the activity coefficients from these data. Mertes and Colburn made 
no mention of the possibility of extrapolating the data observed below the 
critical solution temperature in order to obtain the values at higher 
temperatures above the critical solution temperature. 
Based on isothermal vapor-liquid equilibrium measurements at 
temperatures above the critical solution temperature, Rail and Sch'afer 
found that linear relationships existed between the constants of the 
three-constant Redlich-Kister model and the reciprocal of the absolute 
temperature. Furthermore, computations based on the extrapolation of 
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these linear relationships allowed these investigators to calculate 
the binodal curve for the systems. Although the agreement between the 
calculated and experimental binodal curve was not excellent, it could 
not be considered to be entirely unsatisfactory. This work involved a 
great amount of graphical analysis. Furthermore, their choice of a model 
with three constants in lieu of four or more constants appeared to be 
arbitrary, since the three-constant model did not give an extremely 
close fit throughout the concentration range. It would seem that the 
use of computer techniques and higher order equations would perhaps 
have given even better results. Nevertheless, these investigators did 
produce reasonable evidence to justify an extrapolation of the linear 
relationship which exists above the critical solution temperature in 
order to investigate the region below the critical solution temperature. 
(4) 
Hwa also observed a linear relationship between the model con-
stants calculated from mutual solubility data and the reciprocal of the 
absolute temperature for temperatures below the critical solution tem-
(4) 
perature. Hwa appears to have been the first investigator to sug-
gest the use of mutual solubility data to determine the parameters of 
a two-constant model in order to subsequently predict the model con-
stants at higher temperatures by means of such a linear extrapolation. 
(13) Thus, the work of Mertes and Colburn suggest that the linear 
relationships hold in the homogeneous liquid region below the critical 
(4) 
solution temperature. The work of Hwa suggests such relationships 
are valid in the two-phase liquid region below the critical solution 
(14) temperature. The work of Rail and Schafer indicates that linear 
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relationships hold above the critical solution temperature, and it 
further indicates that extrapolation of such relationships to lower 
temperatures does not give an unreasonable prediction of the mutual 
solubility relations. There is thus some evidence to infer that the 
extrapolation of the linear relationships based on mutual solubility 
will coincide with the linear relationship which seems to hold above 
the critical solution temperature. 
One should bear in mind that the above inference was not firmly 
supported by the experimental results. For example, the observations 
of Mertes and Colburn (P - x data) involved an assumption concerning 
the value of the activity coefficient of one component. This assump-
tion was never justified on the basis of the experimental data- Fur-
thermore, their observations were confined to the homogeneous liquid 
region on only one side of the binodal curve, but a two-constant model 
was assumed to describe the behavior of the system on both sides of 
the binodal curve. The observations of Hwa assumed that a two-constant 
model described the behavior of the systems, but Hwa had no experimental 
basis to justify such an assumption. The observations of Rail and 
(14) 
Schafer were based on a three-constant model., while the other in-
vestigators used a two-constant model. And finally, there seems to be 
no system which was common to the work of these investigators. Mertes 
and Colburn worked with hydrocarbon — furfural systems. Hwa worked with 
hydrocarbon—nitroethane systems, and the other investigators worked 
with hydrocarbon—acetone systems. 
Insofar as ternary systems are concerned, no isothermal vapor-
liquid data for a partially miscible ternary system were found. Severns, 
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(15) 
et al. did investigate the vapor-liquid equilibrium for three com-
pletely miscible ternary systems and the constituent binary pairs under 
isothermal conditions. They concluded that the ternary equilibrium 
could be satisfactorily predicted from the binary correlation constants 
if the system exhibited positive deviations from Raoult's law (i.e., 
Y- > 1.0) throughout the concentration range. The ternary data for a 
system which exhibited both positive and negative deviations from 
Raoult's law were not adequately predicted from the binary correlation 
(15) 
constants alone. Severns e£ ,§!.. stressed that these generaliza-
tions needed further testing on other systems. 
Since no ternary isothermal vapor-liquid data for a partially 
miscible system were found, and the desired type of binary data were 
not found, a decision was made to measure experimentally the necessary 
vapor-liquid equilibrium data for some specific systems for which the 
mutual solubility data had been previously reported in the literature. 
The systems chosen were the hydrocarbon--nitroethane systems investi-
(4) (3) 
gated by Hwa and Techo . Hwa reported the binary mutual solubil-
ity data and Techo reported the ternary mutual solubility data for the 
systems chosen for this research. The thermodynamic behavior of 
hydrocarbon—nitroethane solutions has only recently been studied. It 
was felt that the investigation of vapor-liquid phase equilibria in 
these particular systems would be a significant contribution to the 
knowledge of these systems. 
In the following chapters of this work the details of the re-
search are presented. Chapter II describes the experimental apparatus 
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and materials used. Chapter III presents the description of the ex-
perimental procedure. Chapter IV is a discussion of the results of 
this work. Chapter V presents the conclusions. The appendices con-
tain the bulk of the experimental data and computations. 
CHAPTER II 
EXPERIMENTAL APPARATUS AND MATERIALS USED 
The Experimental Apparatus*--The data which are experimentally measured 
during the course of a vapor-liquid equilibrium experiment are as fol-
lows: 
1. The composition of the vapor and the composition of the 
liquid samples in equilibrium. 
2. The temperature of the vapor and liquid samples in equilib-
rium. 
3. The total pressure of the vapor and liquid samples in equi-
librium. 
Hence, the following items of equipment are essential for the 
experimental measurement of vapor-liquid equilibrium data: 
1. A vapor-liquid equilibrium still. 
2. A manostat. 
3. A manometer. 
4. A temperature measuring device. 
5. Analytical instruments for determining the equilibrium vapor 
and liquid compositions. 
The specific choices of these five general types of instruments 
are discussed in the following sections. 
Vapor-Liquid Equilibrium Still.—A comprehensive review of the various 
types of vapor-liquid equilibrium stills which have been used successfully 
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was presented by Hala at al.» . In general, an equilibrium still is 
classified according to one of five different types: 
1. Distillation. 
2. Circulation of vapor and circulation of liquid. 
3. Static. 
4. Dew and bubble point. 
5. Flow type. 
These five general types are discussed in detail by Hala e_t a_l. . 
Drawings of twenty-six different stills are given, and the advantages 
and disadvantages of each are presented. Vilim et .a.1. point out sev-
eral basic requirements that must be fulfilled in vapor-liquid equi-
librium stills in order that the samples of vapor and liquid withdrawn 
from the still actually have the equilibrium composition and that the 
instrument operates economically and as simply as possible. 
1. Concentration gradients must not occur in the boiling 
liquid. 
2. The equilibrium vapor must not partially condense. 
3. The walls of the boiling flask must not be superheated in 
order to avoid nonequilibrium total evaporation of adhering droplets 
of liquid. 
4. The cold condensate returned to the distillation flask must 
be perfectly mixed with the main portion of liquid, in order to avoid 
its nonequilibrium vaporization as a result of its lower boiling point. 
5. The vapor leaving the boiling liquid must not entrain drop-
lets of liquid and carry them into the vapor receiver. 
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6. The instrument must make possible the accurate measurement 
of the boiling point. 
7. Mixing of the equilibrium liquid with part of the returning 
condensate should not occur on stopping the instrument. 
8. Equilibrium should be established as quickly as possible. 
9. The consumption of substances should be as small as 
possible. 
10. The instrument should be as simple as possible. 
In the choice of an instrument suitable for measuring the vapor-
liquid equilibrium of a given binary or multicomponent system, it is 
first of all necessary to consider the conditions under which the meas-
urements will,be made (temperature, pressure), further individual dif-
ficulties which can occur with certain systems (decomposition by heat, 
limited miscibility) and finally, the precision of the determination. 
The flow-type still of Vilim _e_t ai.. was chosen for this re-
search. Unlike most other type stills, the flow-type still can be used 
to measure the vapor-liquid equilibrium in systems which exhibit partial 
miscibility. Since the systems of interest in this research were par-
tially miscible the use of most other type stills was excluded. Further-
(7) 
more, Cantoni and Feldman reported that prolonged heating of distilla-
tion residues of nitroethane at atmospheric pressure leads to violent 
explosions. Since the equilibrium measurement in the flow-type still 
is completed in a matter of minutes as compared with a matter of some 
hours for the other type stills, the safety standpoint also influenced 
the choice of the flow-type still. Insofar as the precision of the 
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instrument is concerned, Vilim et a_l. ' demonstrated that the results 
which their still furnished were precise and thermodynamically consist-
ent. The results of this research also tend to confirm this observa-
tion. A scale drawing of the flow-type equilibrium still was given by 
(6) 
Vilim £t aJL* . The still used in this research was made of Pyrex 
glass, using standard taper joints, and was identical to the still 
described by Vilim et. al. with one exception, namely, eight condensate 
receiver tubes were used in this research instead of four. The details 
of construction given by Vilim et, al,. were sufficient to allow the still 
to be constructed without further modification. 
The Manostat for Pressure Control.--The manostat chosen for this research 
(8) 
was a modification of the Williams manostat. The manostat maintained 
a constant pressure to within ± O.Ol mm. Hg. The details of construc-
tion and a scale drawing were presented by Vilim _et_ al. 
The Manometer for Pressure Measurements.--For determining the total 
system pressure, an absolute type U-tube mercury manometer was con-
structed of Pyrex glass. To minimize capillary corrections, the inside 
diameter of the tube was chosen to be 19 mm. The height of the mercury 
column was measured by comparison with a standard meter bar graduated 
in 0.1 cm. intervals. The 0.1 cm. subintervals of the meter bar were 
interpolated to 0.005 cm. by means of a cathetorneter. The meter bar 
was located vertically within two seconds of arc. The entire manometer 
system was designed to meet the specifications described in NBS Mono-
dy) 
graph 8 , such that the total error after correction to standard 
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gravity and 0°C. was no greater than 0.1 mm. Hg. The actual error in 
the pressure measurements was estimated to be ± 0.05 mm. Hg., based 
on vapor pressure measurements. 
Appendix A presents the serial numbers and other pertinent infor-
mation relating to the cathetometer arid the standard meter bar. Appendix 
B presents the correction tables us^d to correct the mercury height to 
standard gravity and 0°C. 
Temperature Measurement.--In order to have meaningful data for vapor-
liquid equilibrium calculations, it is necessary to know the equilibrium 
temperature accurately. For the purposes of this research, a copper-
constantan thermocouple was chosen to determine the equilibrium tempera-
ture. The copper wire was Anaconda 32-gauge double-glass-wrapped wire. 
The constantan wire was Advance 32-gauge double-glass-wrapped wire. The 
junctions of the thermocouple were made by carefully cleaning the ends 
of the copper and constantan wires with emery paper, twisting the ends 
together with a few turns, and then soldering the ends with rosin core 
solder. After the soldered joints were cool, the junctions were dipped 
into General Electric Insulating Varnish (Number 703l) » The varnish 
was dried at room temperature for one hour, then the joints were re-
dipped and dried three more times. The varnished wires were then put 
into an oven at 1IQ°C. for one hour to bake the varnish into a hard 
coating. 
In order to insure good heat transfer from the inside of the 
equilibrium chamber through the glass wall to the thermocouple, a small 
amount of mercury was poured into the thermocouple well which extended 
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into the equilibrium chamber. The varnish coating protected the junction 
from the mercury. 
The thermocouple was calibrated in a constant temperature bath„ 
using an NBS certified mercury thermometer (see Appendix A and Appendix 
E), graduated in 0.1 degree centigrade subintervals. All temperatures 
reported in this research are based on the International Temperature 
Scale. A total of fourteen data points were obtained during the calibra-
tion. The EMF of the thermocouple was measured by a Leeds and Northrup 
type K-3 potentiometer used in conjunction with a Leeds and Northrup 
type E galvanometer (see Appendix A). The data points were fitted by 
a smooth orthogonal polynomial of the fourth degree., and interpolated 
values were calculated from the polynomial fit. The polynomial gave EMF 
(microvolts) as a function of the temperature (°C,)» The maximum de-
viation of the fitted curve from the data points corresponded to 0.025°C. 
and occurred at 80°C. Appendix A presents the serial numbers of the 
potentiometer and galvanometer. Appendix B presents the polynomial 
coefficients and the experimental calibration data points along with 
several calculated values for EMF versus temperature,, 
Analytical Instruments.--Listed below are the instruments used to 
determine the compositions of the liquid mixtures<» 
1. Bausch and Lomb Precision Sugar Refractometer. 
2. Perkin-Elmer Model 154-C Vapor Fractometer. 
3. Perkin-Elmer Model 154-D Vapor Fractometer, with flame 
ionization detector and a 300-foot x 0.01-inch Perkin-Elmer Golay 
type "Q" column (Apiezon "L" grease). 
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The normal octane-nitroethane system was analyzed for composi-
tion by using a Perkin-Elmer Model 154-C vapor Fractometer0 The sample 
to be analyzed first passed through a two-meter Perkin-Elmer Type K 
column (polyethylene glycol) and then through a two-meter Perkin-Elmer 
Type A column (di-isodecylphthalate). The columns were made of 1/4-inch 
stainless steel tubing and were operated at 110°C. with a pressure drop 
of 25 psig across the columns. All other systems were analyzed on the 
Perkin-Elmer Model 154-D vapor Fractometer with the flame ionization 
detector and 300-foot Golay "Q" type column. The column temperature 
was maintained at 100°C. for the systems involving normal octane and 
iso-octane, and at 70°C. for the other systems. The pressure drop across 
the column was maintained at 30 psig for all the runs. The method of in-
ternal normalization, coupled with the bracketing method, as described 
(32) 
by Keulemans was used to determine the compositions. For the normal 
octane system the analyses were based on areas. Peak heights were used 
for all other systems. 
Materials Used.--The hydrocarbons used in this research (except for 
benzene) were donated by the Phillips Petroleum Company. The nitroethane 
and nitromethane were donated by the Commercial Solvents Corporation. 
The benzene was Baker Reagent Grade Benzene. Those chemicals which were 
not at least 99 mole per cent purity as received were further purified. 
The physical properties measured in this research and the methods of 
purification are presented in Appendix C. 
Equipment Layout.--Figure 1 presents a block drawing which indicates 
the manner in which the various items of equipment were connected. 
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Referring to Figure 1, the equilibrium still (A), the manometer (C), 
and the manostat (E) have been described. The surge vessels (D and F) 
each consisted of a 20-liter pyrex jar. Dry ice and methanol were 









Figure 1. Diagram of Apparatus Layout. 
CHAPTER III 
EXPERIMENTAL PROCEDURE 
An experimental run involved the following sequence of opera-
tions. The feed reservoir of the equilibrium still was filled with 
liquid at atmospheric pressure. The system pressure was slowly de-
creased until the pressure in the equilibrium chamber was slightly 
greater than the equilibrium pressure corresponding to the desired 
equilibrium temperature. Then the heaters were turned on to cause 
the liquid to boil. The system pressure was further decreased until 
the thermocouple indicated the proper temperature. The manostat was 
set to maintain the system pressure constant. It should be clear 
from this description that sometimes two or more runs were necessary 
for a given liquid composition in order to bracket the total pressure 
sufficiently closely to obtain the desired operating temperature before 
the liquid supply in the feed reservoir was exhausted (125 ml. reser-
voir capacity). After ten to fifteen milliliters of liquid were col-
lected in a receiver tube, the condensate was diverted to another re-
ceiver tube. The top and bottom heater voltages were adjusted by trial 
and error such that the ratio of the amount of liquid phase collected 
to the amount of condensed vapor phase collected was between one and 
two. When the feed reservoir was almost empty^ the condensate was 
diverted to a waste tube, the heaters were turned off, and then the 
manometer column height was measured to determine the system pressure. 
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The maximum time required for the manometer measurement was about three 
minutes. During this time the manostat held the system pressure con-
stant to within 0.01 mm. Hg. 
The time lapse between the initial heating and the completion 
of the run was usually fifteen to twenty minutes. The total run time 
was always limited by the capacity of the liquid feed reservoir (125 
ml.) . 
The height of the mercury column of the manometer was corrected 
to 0°C. and standard gravity (i.e., "standard millimeters of mercury") 
by applying temperature and gravity corrections for the mercury density^ 
the length of the standard meter bar, and local gravity (Appendix B). 
A set of uncorrected experimental data for each run consisted 
of the following: 
1. A thermocouple EMF (read to 0.1 JJ,V) . 
2. Room temperature (read to 0.1oC„). 
3. Total pressure (uncorrected, read to 0.005 cm. Hg»). 
4. Equilibrium compositions of the vapor and liquid. 
From the above set of data the final results were expressed as: 
1. Equilibrium pressure (standard mm, Hg.) . 
2. Equilibrium temperature (°C.). 
3. Equilibrium compositions of the vapor and liquid* 
Based on vapor pressure measurements conducted in the equilibrium 
still (Appendix C), the error in the final corrected pressure was found 
to be less than 0.1 mm. Hg. and the error in the equilibrium tempera-
tures was less than 0.02°C. Chromatographic analysis was generally 
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found to be in error by less than 0.0005 mole fraction unit for the 
binary mixtures and 0.003 mole fraction unit for the ternary mixture. 
CHAPTER IV 
DISCUSSION OF RESULTS 
The Systems Investigated.--Appendix D contains summaries of the ex-
perimental data. Table 7 through Table 15 present the experimental 
binary vapor-liquid equilibrium data. The liquid molal volumes, and 
the second virial coefficients used in the computations for the sys-
tems are presented in Table 17. Table 16 tabulates the experimental 
ternary vapor-liquid equilibrium data. 
Thermodynamic Consistency Tests.—In this section the method of test-
ing the thermodynamic consistency of the experimental isothermal vapor-
liquid data will be described. As previously mentioned., the term 
"vapor-liquid data" will mean a set of experimentally measured (x, y, 
P., T) values. First, general statements will be made describing each 
of the two consistency tests. This will be followed by a presentation 
of some of the mathematical equations involved in the consistency tests. 
Then a general description of each of the two methods will be presented, 
and finally the thermodynamic consistency of the data measured during 
the course of this research will be discussed in the light of the re-
sults of each of these two consistency tests. For the purpose of brev-
ity the two consistency tests will be given specific names: 
1. The Techo Consistency Test (TCT). 
2. The Direct Consistency Test (DCT). 
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Hereafter, in this section the two methods will be referred to simply 
as the TCt or the DCT. 
The TCT was based on the necessary and sufficient condition for 
(3) the thermodynamic consistency, namely, the Gibbs-Duhern relation. Techo 
described the TCT in detail, and the reader is referred to Reference (3) 
for the detailed derivation and use of the TCT. The TCT will be described 
only from a general viewpoint in this section. 
The DCT was derived by this author during the course of this re-
search. The DCT is based on a sufficient condition for thermodynamic 
consistency. The DCT involves a direct comparison of the experimentally 
measured (x, y, P, T) data with a calculated set of thermodynamically 
consistent (x, y, P, T) data. The reader is referred to Appendix H for 
a detailed proof and derivation of the DCT. The DCT will be described 
only from a general viewpoint in this sectiorj. 
The mathematical starting point for this particular discussion 
will be Equations (2) through (6). The derivation of these equations 
(3) was presented by Techo , and the reader is referred to Reference (3) 
for the details. 
H = R T l n&-)+ <Bix - v ! > ( p - p° i> + R « py^ (2) 
V i 
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Equations (2) and (3) present the excess chemical potentials as 
functions of experimentally measurable quantities. Equation (4) is the 
(3) 
isothermal form of the Gibbs-Duhem equation [Reference (31)]. Techo 
-y 
obtained Equation (5) from Equations (2), (3)''and (4) by assuming the 
E dP ' 
term AY r — in Equation (4) to be negligibly small. The TCT used 
QX * 
Equation (5) as the constant temperature form of the Gibbs-Duhem equation, 
i.e., the necessary and sufficient condition for thermodynamic consistency. 
In the TCT procedure the experimental quantities of total pres-
sure, P, and vapor composition, y, were each determined as functions 
of liquid composition, x, using K different orthogonal polynomials 
of degrees 2,3, ..., K (where K + 1 < N, and N is the number of 
experimental data points), by means of the method of least squares. 
Every combination of the pairs of fitting polynomials of total pres-
sure "\[P = p(x)] and vapor composition [Y = y(x)] was used to gen-
erate M equally spaced pseudo-data points. The pseudo data were 
spaced at liquid composition intervals of O.Ol mole fraction unit 
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throughout the interval 0 < x < 1, provided the experimental data 
were distributed fairly uniformly throughout the concentration domain 
0 < x < 1. 
However, if experimental measurements were reported in two sepa-
rate intervals 0 < x < a and b < x < 1, where a < < b (an example 
is a partially miscible system for which no data were reported in the 
two-phase liquid-liquid region), the pseudo-data points Were spaced at 
liquid composition intervals of O.Ol mole fraction unit on the two 
intervals 0 < x < a and b < x < 1. The derivatives dP/dx = p'(x) 
and dy/dx = y (x) were also computed at these pseudo-data points. 
Each of these computed values, along with the values of vapor-pressure, 
liquid molal volumes and second virial coefficients were substituted 
into the left-hand side of Equation (5) to give a value, a., for 
each of the M pseudo-data points. That pair of polynomials, 
M 
P = p(x) and Y = y(x) for which ) (a.)2 was a minimum was said 
i=l 
to characterize the experimental data in the best possible manner with 
regard to thermodynamic consistency. Based on the results of nineteen 
systems, Techo concluded that experimental vapor-liquid equilibrium 
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data for which V (a.)2 < 200 (liter-atm/mole)2 might be considered 
i=i 
to be thermodynamically consistent and that this furthermore indicated 
careful experimental work combined with true equilibrium conditions 
within experimental limits. 
The TCT as outlined above was applied to each binary system 
studied in this research. The results of this examination are presented 
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in Table 18 (Appendix F). The data presented in Table 18 indicates 
thermodynamically consistent data for the following systems: 
2,2,4-trimethylpentane—nitroethane 35°C. 
2,2,4-trimethylpentane--nitroethane 45°C. 
Normal octane—nitroethane 35°C. 
Nitromethane--benzene 45°C. [Reference (-5)] 
Nitromethane--benzene 45°C. [this research] 
The results presented in Table 18 for the other systems indicate 
an insufficient number of experimental data points for all the other 
systems. This conclusion is based on the observation that the degrees 
of the best fitting P(x) or y(x) polynomials are equal to the maxi-
mum possible degree which could be fitted to the number of available 
points. Lacking more experimental data for these systems, one is forced 
to resolve the issue of thermodynamic consistency by some other method. 
One such method would involve the selection of a thermodynami-
cally consistent model for the excess free energy functions and the 
evaluation of the parameters of this function by a least squares fit 
to Equation (6) . Then, one might reasonably conclude that if the ex-
perimental (x, y, P, T) data set were back calculated from the fitted 
model within the experimental error, the model chosen adequately re-
presented the data and furthermore the data would be considered thermo-
dynamically consistent. However, if the values calculated from the 
chosen model differed significantly from the experimental values to 
which the model were fitted, one could only conclude that either the data 
were not thermodynamically consistent, or the chosen model would not be 
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applicable to the particular system, or else both. This method is the 
direct method (DCT) developed in this research. Appendix H presents 
a proof that such a method is in fact a sufficient condition for thermo-
dynamic consistency. 
It is worthwhile to point ̂ out here that the DCT has apparently 
been either overlooked or regarded as a not sufficient condition by 
(19) previous workers. For example, Hengstebeck stated: "The fact 
that a set of data can be correlated by an equation that is consistent 
with the appropriate Gibbs-Duhem equation does not prove that the data 
are sound or that the correlating equation is correct; it merely shows 
that the correlating relationship is possible thermodynamically.1' This 
statement of Hengstebeck has been shown by this author to be only part 
of the truth. The proof given in Appendix H of this research shows: 
E 
If a set of data be fitted by an equation for G that is consistent 
with the appropriate Gibbs-Duhem equation and which satisfies the end-
E E 
points of G (l) = G (0) = 0, the data are thermodynamically consist-
ent if the values of (x, y, P, T) calculated from the fitted GE 
model agree with the set of experimental (x, y, P, T) data» 
This concept was not found to be presented in the literature. 
It appears to be a novel approach to the issue of thermodynamic con-
sistency. The DCT has an obvious advantage over other methods which 
have been proposed, namely, it provides a measure of the inconsist-
ency of the data in terms of experimentally measured quantities (x, y, 
P, T), rather than some quantity which is not subject to direct meas-
urement (e.g., activity coefficient, chemical potential, or the slopes 
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of these quantities, etc.). Hence, the proposed DCT allows one to make 
a judgement, for example, in the design of a distillation column; if 
the engineer concludes that four significant digits of accuracy in the 
(x, y, P, T) data are needed, this consistency test will tell whether 
the data are sufficiently accurate. 
In using the DCT described in Appendix H, the back calculation 
of the (x, y, P, T) values requires a trial and error solution, and 
can be somewhat tedious and time consuming if the gas phase is con-
sidered to be nonideal. The use of an electronic digital computer is 
recommended. 
The Redlich-Kister model for the excess free energy, Equa-
tion (4), was chosen for the DCT computations to determine the thermo-
dynamic consistency of all the systems studied in this research. 
GE = loge(lO) R T [Xl x2(A1 + A a( X l - xa) + (4) 
A 3( X l - x 2 )
2 + A4(x, - x 8 )
s + A B ( X 1 - x2)4 + ... )] 
The derivation and the general flexibility of Equation (4) were demon-
strated by Redlich and Kister and Redlich, Kister, and Turnquist 
Appendix E contains a discussion of the Redlich-Kister equation. 
The 1-, 2-, 3-, 4-, and 5-constant Redlich-Kister excess free 
energy models were fitted to the experimental data for each system 
using standard least squares techniques. The value of the excess free 
energy for each experimental data point was calculated by Equations (2), 
(3), and (6). 
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All computations in this research were performed on a Burroughs 
220 electronic digital computer. All computations were performed in 
single precision floating point arithmetic (eight digits). The compu-
tations many times were based on data which involved less than eight 
significant figures, and hence the choice of recording final answers to 
eight figures is arbitrary. Some computations are reported to eight 
figures in this research and some are rounded to less than eight. The 
reader, however, should bear in mind that no inference has been made 
concerning the physical meaning of any computations of this research 
which are reported to eight significant digits. 
Appendix F contains summaries of the results of the least 
squares fits of the Redlich-Kister models to the experimental data. 
Table 19 presents the values of the binary Redlich-Kister constants 
obtained for the 1-, 2-, 3-, 4-, and 5-constant models. Table 20 
summarizes the closeness of fit of the various models. It can be seen 
from Table 20 that the four-constant Redlich-Kister model adequately 
represents the experimental data for all the systems. For the systems 
at 25°Co, the two-constant model seems to represent the data almost as 
well as the four-constant model. The five-constant model showed no 
significant improvement over the four-constant model for any of the 
systems. Therefore, on the basis of the results of Table 20 one could 
conclude that the four-constant model adequately represents all of the 
binary systems studied, and furthermore that the data are thermodynami-
cally consistent. 
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One might also make the selection of the appropriate Redlich-
Kister model on the basis of the accuracy with which the mutual solu-
bility curve was reproduced, 
By trial and error, solutions to Equation (8) were obtained for 
the 2-, 3-, 4-, and 5-constant models for those systems for which the 
data were determined below the critical solution temperature. 
xj Yi = xj r[ (8a) 
/ 
4r^ = 4^2 (8b) 
In Equation (8) x' is the composition of the hydrocarbon-lean phase 
in the two-phase region and y." is the composition of the hydrocarbon-
rich phase in the two-phase region. The results of the calculations 
were compared with the experimental mutual solubility data of Hwa, and 
are presented in Table 21 in Appendix F. The agreement for most models 
is within the experimental error for the mutual solubility quoted by 
(4) Hwa . These results indicate that the choice of the four-constant 
Redlich-Kister model to represent the data would not be a bad choice. 
In the further discussions and computations relating to these 
systems, it will be assumed that the systems are characterized by the 
four-constant Redlich-Kister equations presented in Table 19. 
Comparison of the Experimental Vapor-Liquid Relationships with 
the Relationships Calculated by Mutual Solubility Data.--It is 
of interest to determine how closely the binary experimental vapor-
liquid relationships agree with those calculated by a two-constant model 
34 
whose parameters were determined from mutual solubility data. Using 
(4) 
the mutual solubility data of Hwa it is possible, as pointed out 
previously, to determine the parameters for the two-constant Redlich-
Kister model. The values of these constants are presented in Table 22 
(Appendix F). 
As Hwa indicated, Figure 2 shows that the constants below the 
critical solution temperature vary linearly with the reciprocal of the 
absolute temperature. This led Hwa to the thought that the values of 
the model constants might be obtained at temperatures above the critical 
solution temperature by a simple extrapolation of the linear relation-
ships which are valid below the critical solution temperature. Further-
more, since mutual solubility data can usually be measured more economi-
cally than vapor-liquid data in terms of the relative time, skill and 
money required to conduct the experiments, the extrapolation method, if 
valid, would offer many obvious advantages from an engineering design 
viewpoint. 
Table 23 (Appendix F) presents a comparison of the calculated 
values of vapor composition and total pressure obtained from the four-
constant Redlich-Kister model fitted to the experimental vapor-liquid 
equilibrium data with the corresponding values calculated from the two-
constant Redlich-Kister model fitted to the mutual solubility data of 
Hwa, and the linear extrapolation of these constants as functions of 
l/T. These results indicate good agreement in the concentration region 
which is between 0.1 mole fraction and 0.9 mole fraction of the hydro-













1 *= normal octane 
2 = normal hexane 
3 « 2,2,4-trimethylpentane 
4 = 2-methylpentane 
3.0 3.05 3.10 3.15 3.20 3.25 3.30 3.35 3.40 3.45 3.50 3.55 
1/T, °K 
Figure 2. The Re&lich-Kister Constants (Calculated from Mutual 
Solubility Data) Versus Reciprocal Absolute Temperature. 
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deviations occurred in the normal octane system at 35°C, (T = 41°C.) 
' c 
and the isooctane system at 35°C. (T = 30°C.), thus indicating some 
unusual behavior in these systems in the region near the critical solu-
tion temperature. On the other hand, the data for the normal hexane 
system at 25°C. (T = 29°C.) and the 2-methylpentane system at 25°C. 
c 
(T = 27°C.) seem to show no unusual behavior in the region near the 
critical solution temperature. This anomaly was not resolved in the 
course of this research. 
Based on the results presented in Table 23, one could conclude 
that for many engineering design purposes a two-constant model fitted 
to mutual solubility data would adequately predict the vapor-liquid 
relationships for these systems at temperatures which are not near the 
critical solution temperature. The prediction may fail to give suffi-
cient accuracy near the critical solution temperature. 
Effect of Temperature on the Constants of the Four-Constant Redlich-
Kister Model.--A plot of the Redlich-Kister constants versus temperature 
for the 2,2,4-trimethylpentane system at 25°C„, 35°C, and 45°C. (Figure 
3) indicated a straight line relationship versus l/T for the first three 
constants (Table 24,Appendix F). The graph of the fourth constant versus 
l/T showed a curvature (concave upward) with a minimum at 35° C. The 
straight-line relationship of the first three constants, is, however, 
(14) what one would expect on the basis of the work of Rail and Schafer 
The minimum value in the plot of the fourth constant with respect to the 
reciprocal of the absolute temperature is probably significant in the 
sense that is does occur at 35°C, which is the temperature for which de-
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1/T, °K 
3.30 3.35 3.40 3.45 
The Constants of the ^-Constant Redlich-Kister Excess 
Free Energy Model (Fitted to Vapor-Liquid Equilibrium 
Data) Versus Reciprocal Absolute Temperature for the 
2,2,£|-Trimethylpentane — Nitroethane System. 
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solubility data. However, what was happening in the solution to cause 
this deviation was not resolved in this research. 
The Characterization of the Ternary System.--The experimental vapor-
liquid data were fitted by the ternary Redlich-Kister equation using 
0, 1, 2, and 3 ternary interaction constant^. The results show the 
data are best represented by using no ternary interaction constant 
(Table 25, Table 26). This means that this particular ternary system 
is adequately represented by the binary 1-2 type interaction alone. 
The normal octane—2,2,4 - trimethylpentane pair were taken to be an 
ideal solution, based on the values of the binary activity coefficients 
calculated from two vapor-liquid equilibrium measurements made in this 
research. 
The ternary vapor-liquid equilibrium compositions were also 
computed using the combination of the two-constant binary models (Table 
25, Table 26). Mutual solubility data were used for the calculation 
of the binary constants for the normal octane—nitroethane system. For 
the isooctane—nitroethane pair, the previously mentioned extrapolation 
of the constants (based on the mutual solubility) was used to obtain the 
constants. The agreement with the experimental data was not entirely 
unsatisfactory, although it was not excellent. Certainly, in the ab-
sence of vapor-liquid equilibrium data, the use of two-constant models 
and mutual solubility data with the linear extrapolation process should 
give reasonable results. Such predictions were substantiated by the 
(3) 
work of Techo . 
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The maximum deviation of the predictions based on mutual solu-
bility data amounted to 0.014 mole fraction and 3.95 mm. Hg. This de-
viation was an order of magnitude greater than the deviation of the 
prediction based on the four-constant Redlich-Kister equation. 
It should be kept in mind that the ternary data were compared 
with the experimental data only, and the experimental data covered 
only a limited range of the possible ternary concentration field. Thus, 
it is possible that the ternary prediction could be less accurate than 
indicated in this research. However, it is felt by this author that 
(15) 
the work of Severns e_t ̂ 1.. coupled with the work of the present 
research gives a firm and reasonable basis for predicting ternary 
vapor-liquid data from binary vapor-liquid data alone. 
Summary of Calculations.—Appendix F, Table 27 presents the values of 
E M 
x> Y> P> Y^j Y2> G , and G calculated at even liquid composi-
tion intervals using the four-constant Redlich-Kister model,. The values 
in the table which are applicable to the two-phase liquid region are 
indicated by the following symbol, "£" . 
CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
Several conclusions were drawn from the results of this work. 
These conclusions, while applying specifically to the systems studied, 
are presented in general form because it is believed that they may 
have application to other systems as well. 
1. Using the Redlich-Kister two-constant model, it is possible 
to successfully predict the isothermal vapor-liquid phase equilibria 
below the critical solution temperature of a binary mixture from liquid-
liquid mutual solubility data. 
2. Using the Redlich-Kister two-constant model, it is possible 
to successfully predict the isothermal vapor-liquid equilibria of a 
binary mixture above the critical solution temperature by extrapolation 
of the mathematical model used to describe the binary mixture below the 
critical solution temperature. If the temperature of interest is within 
a few degrees of the critical solution temperature, such a prediction 
may be unsatisfactory. 
3. Using the Redlich-Kister model, it is possible to success-
fully predict the isothermal vapor-liquid phase equilibria of a par-
tially miscible ternary mixture using only a knowledge of the equilib-
rium properties of the constituent binary pairs. 
4. A new method was developed for testing the thermodynamic con-
sistency of vapor-liquid equilibrium data. The method uses a criterion 
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which was shown in this research to be a sufficient condition for thermo-
dynamic consistency. The method has a decided advantage over the more 
popular slope type and area type tests in that it bases the criterion of 
consistency directly on the agreement with the experimentally measured 
set of (x, y, P, T) data. 
During the course of this investigation many questions have been 
raised which remain unanswered. The donation of free computer time by 
the Rich Electronic Computer Center at Georgia Tech has made it possible 
to perform extensive computations which would have been otherwise impos-
sible. Such extensive time as was used during the course of this re-
search is not usually available on a large scale computer such as the 
Burroughs 220 which was used for this work. Such computations revealed 
the general flexibility of the Redlich-Kister excess free energy model. 
However, the high accuracy with which the computations were performed 
also indicated certain unusual characteristics of the liquid mixtures 
investigated in this research, such as the departure of the fourth 
constant of the Redlich-Kister equation from the linear l/T rela-
tionship. 
Two areas bear more extensive investigation by electronic digital 
computer methods. One is the general applicability of the straight-
line relationship below the critical solution temperature for the con-
stants of the two-constant Redlich-Kister model. This could be done 
by investigation of the many types of partially miscible systems for 
which mutual solubility data are already available, 
Another area of possible future interest would be the investi-
gation of several types of partially miscible binary systems near the 
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critical solution temperatures, in order to try to explain the apparent 
deviation from the straight-line relationship. 
A third area of interest, and one also mentioned by Techo, would 
be to develop a method for computing the ternary constants from the 
ternary mutual solubility curve, in a manner similar to the binary method. 
All work done thus far in this area has been somewhat disappointing in 
its results. 
And, finally, the interesting area of thermodynamic consistency 
testing can be further investigated by determining the limits of the 
applicability of the consistency test developed in this research. The 
test is certainly not the panacea of ail problems of consistency tests. 
The limits of the tests and the inherent short-comings are not yet 





IDENTIFICATION AND DESCRIPTION OF COMMERCIALLY 
MADE INSTRUMENTS USED IN THIS RESEARCH 
The Standard Meter Bar.--The standard meter bar was obtained from the 
Gaertner Scientific Corporation, Chicago, Illinois. The Gaertner 
serial number was 151 AU. The bar was model number MIOIO. This bar 
was made of carpenter type 416 stainless steel, with a nominal coef-
ficient of expansion of 9.9 x 10""6 per degree centigrade at tempera-
tures in the near vicinity of 20°C. The bar was machine divided in 
millimeters and was certified to be 1,000.000 millimeters at 20°C. 
The Cathetometer»—The cathetometer used in this research was obtained 
from the Welch Scientific Corporation. The cathetometer scale was 
made of stainless steel. The Georgia Tech serial number was 50246. 
The cathetometer scale was one meter in length, graduated in milli-
meters, and read to 0.05 mm. by means of a vernier. The cathetometer 
was only used to transfer horizontally from the mercury column to the 
standard meter bar, and for subsequent interpolation between milli-
meter divisions on the standard meter bar. 
The Potentiometer.--The potentiometer was a Leeds and Northrup 
type K-3 model. The Leeds and Northrup serial number was 1578583. 
The Galvanometer.--The galvanometer was a Leeds and Northrup type E 
Galvanometer. The galvanometer sensitivity was 0.5 iiv/mrrw deflection. 
The Leeds and Northrup serial number was 1578685. 
45 
Mercury Thermometer,--The mercury thermometer used for calibrating the 
thermocouple was a NBS certified thermometer (certificate number 143227) 
graduated in Ool-degree intervals. 
Refractometer.--The refractometer was a Bausch and Lomb precision sugar 
refractometer. The Georgia Tech serial number was 32996» 
Model 154C Chromatograph.--The model 154C chromatograph was manufactured 
by the Perkin-Elmer Corporation. The detector was a thermistor. The 
Georgia Tech serial number was 63939. 
Model 154D Chromatograph.—The Perkin-Elmer model 154D chromatograph 
was equipped with a flame ionization detector and a 300-foot x O-Ol-inch 
Golay "Q"-type column (Apiezon "L" grease). The Georgia Tech serial 
number was 75503„ 
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APPENDIX B 
PRESSURE AND TEMPERATURE CONVERSION TABLES 
Pressure Conversion Tables»--The pressure was corrected to standard 
millimeters of mercury (0°C, and standard gravity, g = 980.665 
(17) 
cnio/sec,2) by the following procedure £NBS Monograph 8 ]. To correct 
for temperature, the scale error and the density error were involved: 
ht = Ft • h (9) 
0 0 X 
1 + s(t - t.) 
F, P ^ (10) 
t
0 1 + m t 
where F is the correction factor,, t = 0°C„, t is the temperature 
of the mercury and scale before correction, h is the height of the 
mercury column, s is the linear coefficient of thermal expansion of 
the meter scale per °C, m is the cubical coefficient of thermal ex-
pansion of mercury per °C„ 
For gravity correction: 
hg = h • - ( I D 
g = standard gravity acceleration E 980.665 cm„/sec.2, 
g = local gravity acceleration, 
h = height corrected for temperature and gravity, 
y 
h, = height corrected for temperature . 
Combining Equations (9, 10, and \l) the final equation is obtained: 
h + A corrected 
-1 + s(t - t,L r g 
1 + m t J Lg J t 
corrected tg t^ 
For this research the following values were used: 
s = 9.9 x 10~6/°C 
t^ = 20.00°C, 
m = 181.8 x 10~6/°C. (Reference 17), 
g = 979.524 cm./sec.2.; — = 0.99883650. 
9s 
Substitution of these values into Equation (12) gives Equation (l3) 
[l.O + (9.9 x 10"6)(T - 20,00)][0.99883650] 
F 
tg (1.0 +. 181,8 x 10'6) 
Various values of F computed from Equation (13) are given in 
Table 2. The value of g was obtained from Reference (17). 
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25 „0 0.99436653 
Thermocouple Conversion Tableso--The calibration data for the thermo-
couple (EMF versus temperature) were fitted by least squares, using a 
fourth degree orthogonal polynomial. The results of the fourth degree 
polynomial fit are presented in Table 3. The coefficients of the 
orthogonal polynomial are given in Table 4. The International Tempera-
ture Scale was used, 
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Table 3. Results of the Fourth Degree Polynomial Fit to 
the Thermocouple Calibration Data 
Measured Measured Calculated Measured EMF Calculated Slope 
Temperature EMF EMF - Calculated EMF dCEMF/dT 
(°C.) (Microvolts) (Micrbvolts ) (Microvolts) (Micro volt s/°C.) 
1 9 . 9 5 7 4 6 , 2 5 7 4 5 . 9 3 0 . 3 2 3 7 . 9 4 
2 0 . 0 0 7 4 7 , 7 5 7 4 7 . 8 2 - 0 . 0 7 3 7 . 9 5 
2 1 . 0 0 7 8 5 . 9 7 8 5 , 8 3 0 . 0 7 3 8 . 0 6 
2 1 . 1 0 7 8 9 . 6 7 8 9 . 6 3 - 0 . 0 3 3 8 . 0 7 
2 2 . 6 0 8 4 6 . 7 5 8 4 6 . 8 6 - 0 . 1 1 3 8 . 2 3 
2 5 . 0 0 938 o 5 938o91 - 0 . 4 1 3 8 . 4 8 
3 0 . 0 0 1 1 3 2 . 6 1 1 3 2 . 5 4 0 . 0 6 38 .97 
3 6 . 7 0 1 3 9 5 . 5 1395 .68 - 0 . 1 8 3 9 . 5 7 
4 0 . 0 0 1 5 2 7 . 4 1 5 2 6 . 7 2 0 . 6 8 3 9 . 8 5 
4 4 . 9 7 5 1 7 2 6 . 0 1 7 2 5 . 9 5 0 . 0 5 4 0 . 2 4 
5 9 . 9 0 2 3 3 4 . 0 2334 .77 - 0 . 7 7 4 1 . 3 2 
8 0 . 0 0 3 1 8 0 . 0 3 1 7 8 . 9 5 1 .05 4 2 . 6 8 
9 0 . 0 0 3 6 0 8 . 6 3 6 0 9 . 3 4 - 0 . 7 4 4 3 0 4 1 
0 4 . 1 0 4 2 2 9 . 5 4229 .37 . 0 . 1 3 4 4 , 5 8 
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Table 4 . Constants for the Fourth Degree 
Orthogonal Polynomial , EMF = EMF(T) 
0.17134535 x 104 
0.41104151 x 102 
0.37371035 x 10" x 
0.43880609 x TO-4 
0.15478878 x 10~5 
u. . 
1 
0.43951785 X 102 
0.71847905 X 102 
0.61362420 X 102 
0.67608853 X 102 
0.75498571 x 10 3 
0.44671227 x 10 3 
0.54607068 x 10 3 
0.34717262 x 10 3 
where 
EMF (T) = I c. t . (T) 
1 - 0 
t 0(D = 1, 
t t ( T ) = T t o ( T ) - Q l t ^ T ) , 
t g ( T ) = (T - a 2 ) t x (T ) - P 1 t o ( T ) , 
t 1 + 1 ( T ) = (T - a . + 1 ) t . ( T ) - p . t . ^ d ) 
EMF is in microvolts? 
Temperature is in °C„ 
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APPENDIX C 
PHYSICAL PROPERTIES AND PURIFICATION OF MATERIALS 
The Hydrocarbons.--With the exception of benzene, all hydrocarbons used 
in this research were donated by Phillips Petroleum Company, and were 
labelled by Phillips as 99-mole per cent minimum purity. Refractive 
index,, vapor pressure measurements, and chromatographic analysis all 
indicated that the purity of these hydrocarbons was in fact at least 
99 mole per cent. Chromatographic analyses were made on the Perkin-Elmer 
Model 154C chromatograph using two, two-meter Perkin-Elmer Type A (di-
isodecylphthalate) columns in series„ 
The fractograms (plots on the recorder chart showing the varia-
tion of voltage in the detector of the Fractometer) for 2-methylpentane, 
2,2,4-trimethylpentane and normal octane showed no minor peaks„ The 
fractogram for normal hexane showed one minor peak, and the purity was 
estimated to be about 99»5 mole per cent based on the ratio of the areas 
of the minor peak and the major peako Table 5 presents the refractive 
index for each hydrocarbon and Table 6 presents the measured vapor 
pressures at various temperatures. 
Benzenea--The benzene (Baker Reagent Grade Benzene) was purified by 
two successive fractional crystallizations» Chromatographic analysis 
indicated the purified benzene was at least 99„9 mole per cent purity0 
The measured refractive index and the measured vapor pressures are 
shown in Table 5 and Table 6„ 
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Nitromethane.--The nitromethane as received, according to the supplier, 
contained 99.8 weight per cent nitromethane« The major impurity was 
stated to be nitroethane0 These results were based on a mass spectrom-
eter analysis. However, between the time the nitromethane was received, 
and the time it was to be used for this research, a slight brown dis-
coloration developed in the liquid. This discoloration was removed by 
two successive fractional crystallizations in a dry-ice-~methanol bath. 
Chromatographic analysis of the recrystallized nitromethane indicated 
the sample was at least 99.9 mole per cent purity. The measured re-
fractive indê c and the measured vapor pressures are shown in Table 5 
and Table 6. 
Nitroethane.--The nitroethane as received, according to a mass spec-
trometer analysis by the supplier, contained 0.4 per cent nitromethane, 
2.9 per cent 2-nitropropane, and 96.7 per cent nitroethane. This was 
purified by distillation during the course of this investigation. A 
six-foot packed column was used for the purification, and the total ab-
solute pressure was maintained at 100 mm0 Hg. The column was operated 
at a reflux ratio of 30 to 1> and the middle third of each distillate 
batch was saved for this research. Chromatographic analysis indicated 
that the purified nitroethane contained at least 99.8 mole per cent 
nitroethaneo The refractive index and the vapor pressures measured 
in this research are presented in Table 5 and Table 6. 
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Table 5. Refractive Index of Materials 
Used in This Research 
Refractive Index at 20.00°C. Refractive Index at 
25.0000. 
Chemical Grade This Literature Reference This Liter- Refer-
Research Value Source Research ature ence 
Value Source 
normal octane Pure 1.39746 1.39743 (20) 
2,2,4-trimethyl 
pentane Pure 





1.39148 1.39145 (20) 
1.37147 1.37145 (20) 
1.37491 1.37486 (20) 
1.37966 1.37964 (2l) 
1.38972 1.38973 (2l ) 
1.49790 1,49792 (2l) 
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Table 6. Vapor Pressures of Pure Chemicals 
Used in This Research 
Total P res su re (S td . mm. Hg.) 
Chemical Temperature 
(°c.) 
L i t e r a t i 
Value 




n-oc tane 35.00 24.08 24.08 (20) 
2 , 2 j 4 - t r i m e t h y l -
pentane 25.00 49.34 49.35 (20) 
2 , 2 , 4 - t r i m e t h y l -
pentane 35.00 78.23 78.22 (20) 
2 , 2 , 4 - t r i m e t h y l -
pentane 45.00 119.80 119.79 (20) 
2-methylpentane 25.00 211.76 211,75 (20) 
n-hexane 25.00 151.26 151.20 (20) 
n-hexane 45.00 337.71 337.82 (20) 
n i t romethane 45.00 93.96 93.87 (21) 
n i t r o e t h a n e 25.00 20.92 20.93 (21) 
n i t r o e t h a n e 35.00 35.50 35.49 (21) 
n i t r o e t h a n e 45.00 57.84 57.85 (21) 
benzene 45.00 223.51 223.60 (20) 
benzene 79.15 738.01 738.30 (20) 
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APPENDIX D 
EXPERIMENTAL VAPOR-LIQUID DATA 
Table 7 . Experimental Binary Vapor-Liquid Equi l ibr ium Data 
Component (l) Component (l) Total 
Liquid Phase Vapor Phase Pressure 
Composition Composition Standard 
Mole Fraction Mole Fraction mm. Mercury 
0.0000 0.0000 20.92 
0.0378 0.4445 36.38 
0.1054 0.6248 51.40 
0.1353 0.6538 54.88 
0.1845 0.6793 58.19 
0.7482 0.7004 58.86 
0.8187 0«7336 58.20 
0.9139 0.8240 55.37 
0.9704 0.9236 51.91 
1„0000 1.0000 49»34 
Number of data points: 10 
Temperature: 25.00°C. 
Component (l): 2,2,4-trimethylpentane 
Component (2): nitroethane 
Data Source: this research 
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Number of data points: 21 
Temperature: 35.00°C. 
Component (l): 2,2,4-trimethylpentane 
Component (2): nitroethane 
Data source: this research 
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Number of data points: 14 
Temperature: 45,00°C. 
Component(l): 2,2,4-trimethylpentane 
Component (2): nitroethane 
Data source:" this research 
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Table 10. Experimental Binary Vapor-Liquid Equilibrium Data 
Component (l) Component (l) Total 
Liquid Phase Vapor Phase Pressure 
Composition Composition Standard 
Mole Fraction Mole Fraction mm. Mercury 
0.0000 0.0000 35.50 
0.0383 0.2007 42.90 
0.0662 0.2753 46.34 
0.0937 0.3214 48.63 
0.1210 0*3510 50.13 
0.1478 0.3702 51.09 
0.7612 0.4044 50.60 
0.8033 0.4251 49.03 
0.8241 0.4392 47.96 
0o8859 0.5058 43.26 
0.9665 0.7359 31.70 
0.9864 0.8664 27.43 
1.0000 1.0000 24.08 
Number of data points: 13 
Temperature: 35.00°C. 
Component (l): normal octane 
Component (2): nitroethane 
Data source: this research 
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Data source: this research 
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Number of data points: 13 
Temperature: 25.00°C. 
Component(l): normal hexane 
Component^) : nitroethane 
Data source: this research 
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Number of data points: 15 
Temperature: 45.00°C. 
Component(l): normal hexane 
Component(2): nitroethane 
Data source: this research 
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Number of data p o i n t s : 15 
Temperature: 45.00°C. 
Component(l) : n i t romethane 
Cornponent(2) : benzene 
Data source : t h i s r e sea rch 
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Data source: Reference (5) 
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Table 16. Experimental Ternary Vapor-Liquid Equilibrium Data 
Liquid Phase Vapor Phase* 
Composition Composition 
Mole Fraction Mole Fraction 
0.191 0.068 67.87 
0.809 0.932 67.87 
0.000 0.000 67.87 
0.179 0.059 75.62 
0.758 0.777 75.62 
0 .063 0.164 75.62 
0.174 0.056 77.88 
0.738 0.743 77.88 
0.088 0.201 77.88 
0.167 0.052 80.49 
0.707 0.705 80.49 
0.126 0 .243 80.49 
0.153 0.049 83.38 
0.648 0.655 83.38 
0.199 0.29i 83.38 
0.136 0.046 85.13 
0.575 0.620 85.13 
0.289 0.334 85.13 
0 .124 0.047 85.47 
0.526 0.603 85.47 
0.350 0.350 85.47 
0„083 0.050 85.69 
0 .353 0.588 85.69 
0.564 0.362 85„69 
0 .072 0.050 85.85 
0.307 0.589 85.85 
0.621 0.361 85.85 
continued next page 
The tabular arrangement implies: x = 0.191, x = 0.809, 







Table 16 - (cont inued) 
Liquid Phase Vapor Phase n 
~ . , . x - , . , . » P re s su re Composition* 
Mole F rac t ion 
Standard 
mm. Mercury 
0.060 0.052 86.01 
0.256 0.587 86.01 
0 .684 0.361 86.01 
0.047 0.050 84,91 
Oo200 0.577 84„91 
0 .753 0 .373 84,91 
0 .033 0.050 79.80 
0.138 0.543 79o80 
0.829 0.407 79.80 
0.017 0.044 64„81 
Oo070 0.432 64„81 
0.913 0.524 64„81 
0.008 0.032 50.63 
0.032 0.281 50.63 
0.960 0.687 50.63 
00000 0.000 35.50} 
0.000 0.000 35.50 
1.000 1.000 35.50 
0,529 0.257 49.58 
0.471 0.743 49.58 
0.000 0.000 49o58 
0.511 0.219 55.96 
0.455 0.635 55.96 
0.034 0.146 55.96 
0.494 0.198 60.51 
0.441 0.572 60.51 
0.065 0.230 60.51 
0.475 0.180 64.43 
0 .423 0.522 64.43 
0.102 0.298 64.43 
continued next page 
Table 16 - (continued) 
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Liquid Phase Vapor Phase~ 
Composition* Composition 





0.409 0.154 71.02 
0.365 0.439 71.02 
0.226 0.406 71.02 
0.368 0.148 72.19 
0.328 0.420 72.19 
0.304 0.432 72.19 
0.357 0.148 72.17 
0.318 0.414 72.17 
0.325 0.438 72.17 
0.115 0.157 69.77 
0.103 0.382 69o77 
0.782 0.461 69.77 
0.084 0.153 65.94 
0.075 0.352 65.94 
0.841 0.496 65.94 
0.050 0.133 58.14 
0.045 0.288 58.14 
0.905 0.579 58.14 
0.014 0.063 43.08 
0.012 0.125 43.08 
0.974 0.812 43.08 
Temperature: 35.00°C. 
Component(l): normal octane 
Component(2): 2,2,4-trimethylpentane 
Component(3): nitroethane 
Data source: this research 
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APPENDIX E 
THE REDLICH-KISTER EQUATION 
The following discussion is not new, in that much of it can be 
found in the papers presented by Redlich and Kister and Redlich, 
(2) 
Kister and Turnquist 
The question of representing activity coefficients has been 
repeatedly discussed in recent years [References (26), (27), (28), (29)H. 
A fairly extensive experience [Reference (2)H has confirmed the belief 
that the following method comes closest to satisfying the requirements 
of flexibility and convenience. 
The starting point for this discussion of activity coefficients 
is the function Q, which for a binary solution is defined by: 
Q = xx log10(Yl) + x2 log10(Ys) IM) 
x„ and x denote the mole fractions, and y, and Y„ the activity 1 2 7 ' l ' 2 
coefficients8 The development of functions like Q, log y, etc., 
into power series with respect to x has been suggested already by 
Margules . The usefulness however greatly depends on the form of 
(28) 
the series. Wohl , in reviewing the various methods of representing 
activity coefficients, pointed out that the series should be developed 
in such a way that the higher terms are corrections of the terms of 
lower order. Also important is the fact that the coefficients of a 
properly chosen series furnish a natural classification of various 
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systems (a property of the Redlich-Kister model which we will demon-
strate later). 
Since Q = 0 for x = 0 and 1, each term should contain the 
factor x(l - x). It is desirable to develop the series with respect 
to a variable which is somehow symmetric with respect to the two com-
ponents. Thus, the equation which Redlich and Kister developed for a 
binary mixture was: 
Q1 2 = x j l - X l ) [ B + C(2x1 - 1) + D(2x1 - l )
2 + . . . ] (15) 
The Gibbs molal excess free energy is related to Q by: 
GE = loge(lO) (R) (T) (Q12) (l6) 
The excess chemical potential is obtained by differentiation: 
E /aC(? n.)(G
E)]\ 
HE = ^ ) = RT l n ( T . ) (17) 
1 V 9 n , J 1 
\ X / T , P , n . 
Thus, from (15) , (16) , and (17) : 
log^CYi) = x | [B + C(3X;L - x2) + D(5x1 - x2) ( x 1 - x2) (18) 
+ E ( 7 X l - x 2)(X ; L - x 2 )
2 + ¥{9xx - x2)[xx - x 2 )
3 + •• •] 
and 
1°9 lO ( r2 ) = X 1 [ B + C ( X 1 " 3 X 2 ) + D ( X 1 " X 2 ) ( X 1 " 5 X 2 } ( 1 9 ) 
+ E(*x - x 2 )
2 ( X l - 7 x 2 ) + F{xx - x 2 )
3 ( x 1 - 9x ) + • • • ] 
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The method is easily extendable to ternary mixtures by: 
Q
1 2 3 =
 Q 1 2 + Q 2 S + Q!3 + M ( 2 0 > 
where 
K 
Q. . = x. x. Y A - ( x - " x.)1""1 (21) 
i j i J .Li i i j 
i = i 
and M is a ternary interaction constant which can be evaluated only 
from measurements made on the ternary system, ftedlich and Kister take 
the functional relationship for M to be: 
M = x , x2 xs [C + D l ( x 2 - xs) + D2(x3 - x,) + • • • ] (22) 
By application of Equation (17) to Equation (2l) one obtains expressions 
for logio(r)-
The constants of the Redlich-Kister equation may be evaluated by 
the method of least squares, or by the tables presented by Redlich and 
Kister^1' . 
Referring to Equation (2l), we will now discuss the classifications 
of the various solution types made by Relich and Kister 
Types of Solutions: 
Type 1. A, = A = ••• = 0 
Type 2. A1 ^ 0, A2 = A3 = ••• = 0 
Type 3. A1 ± 0, A£ ^ 0, A3 = A4 = • • • = 0 
Type 4. A1 ^ 0, A2 = 0, A3 ± 0, A4 = A& = • • • = 0 
Type 5. k^ ? 0, k£ ? 0, A3 ? 0, A4 = A & = . » . = 0 
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Redlich and Kister showed that Type 2 very well approximates 
systems, the components of which are not associated, interact only 
moderately, and have approximately equal molal volumes. For systems 
which are not associated, and interact only moderately, but which have 
unequal molal volumes, Type 3 was found to be adequate for the repre-
sentation of the behavior of the system. Types 4 and 5 represent solu-
tions in which association and interaction are present. 
The physical interpretation of higher order nonzero constants 
is not clear. 
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APPENDIX F 
SUMMARY OF THE RESULTS OF THE THERMODYNAMIC CONSISTENCY 
TESTS AND THE REDLICH-KISTER LEAST-SQUARES FIT TO 
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Table 19. Values of the Redlich-Kister Constants Determined 
by a Least-Squares Fit to the Experimental Vapor-
Liquid Data 
2,2,4-Trimethylpentane(l)--Nitroethane(2) System; 25.00°C 
Redlich-Kister 5-constant equation: 
Al = 0.93260105 
A2 = -0.88865136 x 10"1 
A3 = 0.58232480 x 10"3 
A4 = 0.51198863 x 10~2 
A5 = -0.70212321 x 10~2 
Redlich-Kister 4-constant equation: 
Al = 0.93416947 
A2 = -0.89352457 x 10"1 
A3 = -0.64126839 x 10"2 
A4 = 0.58412618 x 10-2 
Redlich-Kister 3-constant equation: 
Al = 0.93325255 
A2 = -0.86456571 x 10"1 
A3 = -0.47790144 x 10-2 
Redlich-Kister 2-constant equation: 
Al = 0.93126896 
A2 = -0.86009744 x 10"1 
Redlich-Kister 1-constant equation: 
Al = 0.92735442 
continued next page 
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Table 19 - (continued) 
2,2,4-Trimethylpentane(l)--Nitroethane(2) System; 35.00°C, 
Red l i ch -Ki s t e r 5 -cons tan t equa t ion : 
Al = 0.87565664 
A2 = -0.10390878 
A3 = 0.35194030 x K T 1 
A4 = -0.11260296 
A5 = -0.20964637 x K T 1 
Red l i ch -Ki s t e r 4 -cons tan t equa t ion : 
Al = 0.87845526 
A2 = -0.10415183 
A3 = 0.18216150 x 10" 1 
A4 = -0.11210217 
Red l i ch -Ki s t e r 3-cons tan t equa t ion : 
Al = 0.87217679 
A2 = -0.14915976 
A3 = 0.36824689 x 10" 1 
Redlich-Kister 2-constant equation: 
Al = 0.88419142 
A2 '= -0.15036972 
Redlich-Kister 1-constant equation: 
Al = 0.90793362 
continued next page 
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Table 19 - (continued) 
2,2,4-Trimethylpentane(l)--Nitroethane(2) System,- 45.00°C 
Red l i ch -Ki s t e r 5 -cons tan t equa t ion : 
Al = 0.76961032 
A2 = -0.96693002 x 10" 1 
A3 = -0.57368730 x 10"2 
A4 = -0.31603507 x 10"2 
A5 = -0 .75268575 x 10"2 
Red l i ch -Ki s t e r 4 -cons tan t equa t ion : 
Al = 0.76986202 
A2 = -0.97021517 x 10" 1 
A3 = -0.99343948 x 10~2 
A4 = -0.23022472 x 1 0 ' 2 
Red l i ch -Ki s t e r 3-cons tan t equa t ion : 
Al = 0.76985941 
A2 = -0.97855567 x 1 0 _ 1 
A3 = -0.98199304 x 10~2 
Red l i ch -Ki s t e r 2 -cons tan t equa t ion : 
Al = 0.76820248 
A2 = -0.96904972 x 10" 1 
Redlich-Kister 1-constant equation: 
Al = 0.77285635 
continued next page 
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Table 19 - (continued) 
Normal Octane(l)--Nitroethane(2) System,- 35.00°C. 
Redlich-Kister 5-constant equation: 
Al = 0.95729508 
A2 = -0.87917911 x 10" * 
A3 = 0.19940990 x 10"1 
A4 = 0.25558778 x 10-2 
A5 = -0.31423312 x 10"2 
Redlich-Kister 4-constant equation: 
Al = 0.95812621 
A2 = -0.88233053 x 10'1 
A3 = 0.16621525 x 10"1 
A4 = 0.30811227 x 10-2 
Redlich-Kister 3-constant equation: 
Al = 0.95746603 
A2 = - 0.86502433 x 10" 1 
A3 = 0.17572000 x 1 0 ' 1 
Redlich-Kister 2-constant equation: 
Al = 0.96567647 
A2 = - 0.88895492 x 10"1 
Redlich-Kister 1-constant equation: 
Al = 0.94866246 
continued next page 
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Table 19 - (continued) 
2-Methy lpen tane( l ) - -Ni t roe thane{2) System; 25.0Q°C, 
Redlich-Kister 5-constant equation: 
Al = 0.89561665 
A2 = 0.33766775 x 10"2 
A3 = -0.96676788 x 10"2 
A4 = 0.12488130 x 10"1 
A5 = -0.97900644 x 10"2 
Redlich-Kister 4-constant equation: 
Al = 0.89676399 
A2 = 0.25830113 x 10"2 
A3 = -0.17313397 x 10"1 
A4 = 0.14224601 x 10"1 
Redlich-Kister 3-constant equation: 
Al = 0.89695718 
A2 = 0.79493430 x 10"2 
A3 = -0.18058943 x 10"1 
Redlich-Kister 2-constant equation: 
Al = 0.89172390 
A2 = 0.88449573 x 10"2 
Redlich-Kister 1-constant equation: 
Al = 0.89043525 
continued next page 
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Table 19 - (continued) 
Normal Hexane(l)--Nitroethane(2) System: 25.00°C. 
Redlich-Kister 5-constant equation: 
Al = 0.93198489 
A2 .= -0.44912841 x 10~2 
A3 = 0.50626191 x 10'2 
A4 = 0,87299339 x 10-2 
A5 = -0.20037240 x 10"1 
Redlich-Kister 4-constant equation: 
Al = 0.93625612 
A2 = -0.44295301 x 10'2 
A3 = -0.14653470 x 10"1 
A4 = 0.84317715 x 10"2 
Redlich-Kister 3-constant equation: 
Al = 0.93680416 
A2 = -0.50510091 x 10"3 
A3 = -0.15911008 x 10'1 
Redlich-Kister 2-constant equation: 
Al = 0.93028287 
A2 = -0 .23908513 x 10" 3 
Red l i ch -Ki s t e r 1-constant equa t ion : 
Al = 0.93032722 
continued next page 
Table 19 - (continued) 
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Normal Hexane(l)--Nitroethane(2) System; 45.00 °C, 
Redlich-Kister 5-constant equation; 
Al = 0.70562210 
A2 = - 0.26681127 x lCT1 
A3 = -0 .12868491 x lO" 1 
A4 = 0.17392501 x 10" 1 
A5 = -0 .82799773 x 10"2 
Redlich-Kister 4-constant equation: 
Al = 0.70586437 
A2 = -0 .26456258 x 10" 1 
A3 = -0 .17525661 x 1 0 ' 1 
A4 = 0.16988579 x 1Q"1 
Redlich-Kister 3-constant equation: 
Al ?= 0.70566867 
A2 = -Oc 19800528 x 10"1 
A3 = -0.17443597 x 10" 1 
Redlich-Kister 2-constant equation: 
Al = 0.70263068 
A2 = -0.19639251 x 10"1 
Redlich-Kister 1-constant equation: 
Al = 0.70181190 
80 
Table 20. Closeness of .Fit of the Redlich-Kister Model to the 
Experimental Vapor-Liquid Equilibrium Data 
Type System Maximum Maximum System 
RK Name Absolute . Absolute Temperature 
Equation Deviation Deviation °C„ 
y i - y p i - p 
7calc 'exp calc exp 
1 AS 0,0416 2.81 25.00 
2 AS 0.0005 0.06 25.00 
3 AS 0.0005 0.01 25.00 
4 AS 0.0005 0.02 25.00 
5 AS 0.0005 0.02 25.00 
1 AS 0.0821 7.88 35.00 
2 AS 0.0203 3.66 35.00 
3 AS 0.0647 2.17 35.00 
4 AS 0.0005 0.04 35.00 
5 AS 0.00007 Oo05 35.00 
1 AS 0.0378 5„54 45.00 
2 AS 0.0009 0.17 45.00 
3 AS 0.0010 0.19 45.00 
4 AS 0.0003 0.03 45.00 
5 AS 0.0002 0.03 45.00 
1 BS 0.0303 2.08 35.00 
2 BS 0.0706 0.60 35„00 
3 BS 0.0014 0,08 35.00 
4 BS 0.0005 0.04 35„00 
5 BS 0.0008 0.04 35.00 
1 cs 0.0378 0.89 25.00 
2 cs 0.0004 0.15 25.00 
3 cs 0.0005 0.13 25.00 
4 cs 0.0005 0.15 25.00 
5 cs 0.0005 0.15 25.00 
continued next page 
system identification 
A = 2,2,4-trimethylpentane--nitroethane 
B = normal octane--nitroethane 
C = normal hexane—nitroethane 
D = 2-methylpentane--nitroethane 
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Table 20 - (continued) 
Type System Maximum Maximum System 
RK Name Absolute Absolute Temperature 
Equation Deviation Deviation °C. 
y i - y P n -P 7calc 7exp calc exp  
1 C£ 0.0122 5.55 45.00 
2 CS 0.0012 0o82 45.00 
3 cs 0.0008 0.68 45.00 
4 C2 0.0001 0.04 45.00 
5 cs 0.0001 0.06 45,00 
1 D$ 0.0025 0.96 25.00 
2 D$ 0.0002 0.16 25.00 
3 D$ 0.0002 0.16 25.00 
4 D$ 0.0002 0.16 25.00 
5 D$ 0.0002 0.09 25.00 
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Table 21. Comparison of Experimental Mutual Solubility Data 
with Values Predicted by the Redlich-Kister Fit to 
Experimental Vapor-Liquid Data 
Type System Temp. Calc. Calc. Exp. Exp. x' x" 
_ l i l l Dif ference Dif ference 
^ u a t l ? n (Hwa> (Hwa) C a l c - E x p . C a l c - E x p , 
(Noo of 
Const . )  
2 A$ 25.00 0.204 0.689 
3 A$ 25.00 0.206 0.686 
4 AS 25.00 0.206 0.689 
5 AS 25.00 0.205 0.687 
2 B$ 35.00 > 0.192 < 0.694 
3 B$ 35.00 0.192 0.695 
4 B$ 35.00 0.189 0.699 
5 B£ 35.00 0.186 0.704 
2 C$ 25.00 0.257 0.726 
3 C$ 25.00 0.258 0.725 
4 C$ 25.00 0.259 0.726 
5 C$ 25.00 0.259 0.725 
2 D$ 25.00 0.317 0.667 
3 D$ 25.00 0.319 0.665 
4 D2 25.00 0.319 0.665 
5 DS 25.00 0.316 0.667 
& system i d e n t i f i c a t i o n 
A = 2 , 2 , 4 - t r i m e t h y l p e n t a n e - - n i t r o e t h a n e 
B = normal o c t a n e - - n i t r o e t h a n e 
C = normal hexane - -n i t r oe thane 
D = 2 -me thy lpen tane - -n i t roe thane 
0.206 0.688 - 0.002 0.001 
0.206 0.688 0.000 • - 0 . 002 
0.206 0.688 0.000 0.001 
0.206 0.688 - 0.001 • -OoOOl 
0.187 0.700 > 0.005 <• - 0 . 0 0 6 
0.187 0.700 0.005 • - 0 . 0 0 5 
0.187 0.700 0.002 • - 0 . 0 0 1 
0.187 0.700 - 0.001 0.004 
0.259 0.725 - 0.002 0.001 
0.259 0.725 - 0.001 0.000 
0.259 0„725 0.000 0.001 
0.259 0.725 0.000 0.000 
0.319 0.665 - 0.002 0.002 
0.319 0.665 0.000 0.000 
0.319 0.665 0.000 0.000 
0.319 0.665 - 0 .003 0.002 
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Table 22. The Redlich-Kister Constants Calculated 
from Hwa's Mutual Solubility Data 




1.1183 0.0912 20 normal octane--nitroethane 
1.0625 - 0.0955 25 normal octane--nitroethane 
1.0064 - 0.0978 30 normal octane--nitroethane 
0.9472 - 0.0989 35 normal octane—nitroethane 
1.0504 - 0.0556 15 2,2,4-trimethylpentane--
nitroethane 
0.9971 - 0.0719 20 2,2,4-trimethylpentane--
nitroethane 
0.9361 - 0.0877 25 2,2,4-trimethylpentane--
nitroethane 
0.865 $ - 0.095 £ 35 2,2,4-trimethylpentane--
nitroethane 
0.775 £ 0.105 2 45 2,2,4-trimethylpentane--
nitroethane 
1.0661 - 0.0041 15 normal hexane--nitroethane 
1.0064 - 0.0097 20 normal hexane--nitroethane 
0,9413 - 0.0124 25 normal hexane--nitroethane 
0.710 % - 0.030 £ 45 normal hexane--nitroethane 
1.0312 + 0.0214 15 2-methylpentane--
nitroethane 
0.9718 + 0.0046 20 2-methylpentane--
nitroethane 
0.9057 0.0106 25 2-methylpentane--
nitroethane 
% Values of A. and A obtained by extrapolation of the 
ralues at lower temperatures (plot of A. versus l/T and plot of 
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Table 24. Values of the 4-Constant Redlich-Kister 
Constants at Different Temperatures 
Temp. 
°C. 
Sy stem (l/T)x 10
3 
l/°K. 
Al k2 A3 A4 
25.00 AS 3.354 0.9342 - 0.0894 - 0.00641 0.00584 
35.00 A$ 3.245 0.8784 - 0.1042 - 0.0182 - 0.1121 
45.00 AS 3.143 0.7699 - 0.0970 - 0,0099 - 0.0023 
25.00 B2 3.354 0.9363 - 0.0044 - 0.0147 - 0.0084 
45.00 BS 3.143 0.7059 - 0.0265 - 0.0175 0.0170 
systems iden t i f i ca t ion : 
A ~ tr imethylpentane--nitroethane 
B = hexane—nitroethane 
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Table 25. Summary of Least Square Fit of 
Ternary Redlich-Kister Equation 
Total No. of No. of No. of Source of Max. Max. 
Constants Used Binary Ternary Binary Deviation Deviation 
in Equation Constants Constants Constants y - y , P - P , M .. , n , , , ,
 7exp. 7calc. exp. calc0 Used Calculated ,, , IT Mole mm. Hg. 
Fract 
12 12 0 4-constant + 0.002 - 0.11 
R-K least 
13 12 1 squares f i t to + 0 . 0 0 3 + 0 . 1 9 
experimental 
14 12 2 V-L data + 0.004 + 0.22 
15 12 3 + 0.004 + 0.16 
6 6 0 2-constant - 0.014 + 2.90 
R-K mutual 
7 6 1 so lub i l i ty - 0.014 + 2.45 
f i t 
8 6 2 - 0.013 + 3.95 
9 6 3 - 0.013 + 3.15 





Table 26. Ternary Interaction Constants Obtained 
by Least Squares Fit to Ternary 
Redlich-Kister Equation 




















Kister least squares 






14 2 Di = - 0.0766 
15 3 C = 0.0333 
15 3 Dl = - 0.0959 
15 3 D2 = - 0.0508 
6 0 2--constant Re. dli ch-
Kister mutual so • l u -
7 1 b: Llity fit C — 0.0936 
8 2 C = 0.2725 
8 2 D i = - 0.6075 
9 3 C = 0.8071 
9 3 D 
1 
= - 0.9983 





Table 27. Redlich-Kister Calculations Using the 4-Constant 
Least Squares Redlich-Kister Equation 
X 
1 





Mole Mole Std. Cal./g. Cal./g. 
Fract. Fract. mm. Ha. Mole Mole 
0.1 0.6178 50.62 6.278 1.026 122.60 70.00 
0.2 0.6840 58.81 4.079 1.107 214.83 81.65 
0.3$ 0.6938 60.06 2.822 1.251 277.47 84.46 
0.4$ 0.6882 59.54 2.079 1.475 3llB62 87.13 
0.5$ 0.6802 59.02 1.626 1.803 318.61 92.07 
0.6$ 0.6776 58.91 1.346 2.270 299.95 98.81 
0.7 0.6880 58.96 1.173 2.930 257.21 104.72 
0.8 0.7232 58.44 1.070 3.856 191.98 104.50 
0.9 0.8060 55.99 1.016 5.155 105.78 86.82 




0.1 0.5891 80.92 6.005 1.039 130.81 68.26 
0.2 0.6366 89.00 3.619 1.134 219.22 87.21 
0.3 0.6516 91.36 2.541 1.275 275.44 98.64 
0.4$ 0.6588 92.26 1.942 1.473 304.87 107.25 
0.5$ 0.6616 92.52 1.562 1.761 309.66 114.80 
0.6$ 0.6638 92.61 1.306 2.190 290.17 121.96 
0.7 0.6751 92.65 1.140 2.819 246.52 127.55 
0.8 0.7147 91.54 1.045 3.656 180.10 126.32 
0.9 0.8140 86.95 1.005 4.508 95.10 103.97 
$ no experimental measurements made in 




continued next page 
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Table 27 - (continued) 
E M 
x l * 1 P Yi Y ]2 
g - g 
Mole Mole S t d . C a l . / g . Ca 1 . / g . 
F r a c t . F r a c t . mm. Hq. Mole Mole 
0 . 1 0 . 5 1 6 3 1 1 0 . 2 6 4 . 6 6 0 1 .023 1 1 0 . 3 5 9 5 . 1 7 
0 . 2 0 . 6 0 3 3 1 2 7 , 9 5 3 . 2 0 3 1 .093 1 9 2 . 1 6 1 2 4 . 2 1 
0 . 3 0 . 6 3 0 3 133 .57 2 . 3 3 9 1 .213 2 4 6 . 7 8 1 3 9 . 4 3 
0 . 4 0 . 6 4 0 8 1 3 5 . 3 5 1.808 1 .394 2 7 5 . 6 3 149 .87 
0 . 5 0 . 6 4 8 9 1 3 6 . 2 6 1 .473 1.647 280 .19 1 5 8 . 0 4 
0 . 6 0 . 6 6 2 5 137 0 09 1.261 1.992 2 6 2 . 0 5 1 6 3 . 4 5 
0 . 7 0 . 6 8 9 5 1 3 7 . 4 3 1.128 2 .447 2 2 2 . 9 6 1 6 3 . 2 5 
0 . 8 0 . 7 4 0 3 1 3 6 . 0 5 1.050 3 . 0 3 0 1 6 4 . 8 1 1 5 1 . 5 6 
0 . 9 0 . 8 3 2 5 1 3 0 . 9 6 1 .011 3 . 7 4 6 8 9 . 7 1 1 1 5 . 8 2 
Component(l) : 2 , 2 , 4 - t r i m e t h y l p e n t a n e 
Component(2) : n i t r o e t h a n e 
Temperature: 45.00°C. 
0 . 1 0 . 3 2 9 0 4 9 . 0 1 6 . 6 5 2 1.029 131 .69 6 7 . 3 8 
0 . 2 2 0 . 3 8 9 9 5 1 . 9 9 4 . 2 0 4 1.115 2 2 9 . 3 0 7 7 . 1 3 
0 . 3 2 0 . 3 9 7 3 5 2 . 2 7 2 . 8 7 5 1.265 2 9 4 . 8 8 7 9 . 1 9 
0 . 4 2 0 . 3 8 9 7 5 2 . 2 1 2 . 1 1 0 1 .494 3 3 0 . 4 2 8 1 . 7 1 
0 . 5 2 0 . 3 8 0 7 5 2 . 3 3 1.650 1.826 3 3 7 . 7 4 8 6 . 7 2 
0 . 6 2 0 . 3 7 7 6 5 2 . 4 4 1.365 2 . 3 0 3 3 1 8 . 5 0 9 3 . 6 3 
0 . 7 2 0 . 3 8 7 3 5 1 . 8 3 1 .186 2 .987 2 7 4 . 1 0 9 9 . 9 7 
0 . 8 0 . 4 2 3 4 4 9 . 1 5 1.077 3 . 9 8 3 2 0 5 . 7 1 1 0 0 . 7 1 
0 . 9 0 . 5 2 9 1 5 1 . 7 7 1.019 5 .468 1 1 4 . 1 8 8 4 . 8 9 
2 Two-phase liquid region 
Component(l): normal octane 
Component(2): nitroethane 
Temperature: 35.00°C. 
continued next page 
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T a b l e 27 -• ( c o n t i n u e d ) 
E M 
X 
l * i 
P Yi Y 
'2 
g - g 
Mole Mole S t d . C a l . / g . C a l . / g . 
F r a c t . F r a c t . mm. Hq. Mole Mole 
0 . 1 0 . 8 5 8 0 135 .46 5 . 2 3 8 1.018 107 .60 8 5 . 0 1 
0 . 2 0 . 8 9 8 5 1 7 9 . 7 4 3 . 7 7 5 1.079 1 9 3 . 3 8 103 .10 
0 . 3 0 . 9 0 8 5 1 9 3 . 9 1 2 . 7 7 9 1.195 255 .57 106 .36 
0 . 4 2 0 . 9 1 0 2 1 9 6 . 2 3 2 . 1 1 6 1 .384 293 .19 1 0 5 . 5 6 
0 . 5 2 0 . 9 0 9 1 195 .09 1.678 1 .673 3 0 5 . 8 6 1 0 4 . 8 3 
0 . 6 2 0 . 9 0 8 3 194 .35 1.390 2 .107 2 9 3 . 6 0 1 0 5 . 1 5 
0 . 7 0 . 9 1 0 7 1 9 5 . 7 1 1 .202 2 . 7 5 6 2 5 6 . 6 8 1 0 5 . 2 5 
0 . 8 0 . 9 2 0 6 199 .67 1 .085 3 .746 195 .39 101 .09 
0 . 9 0 . 9 4 5 4 2 0 5 . 7 1 1.021 5 . 3 0 4 109 .89 8 2 . 7 2 
2 Two-phase l i q u i d region 
Component(l) : 2-methylpentane 
Component(2): n i t r o e t h a n e 
Temperature: 25.00°C. 
0 . 1 0 . 8 2 2 0 108 .20 5 . 7 0 0 1.020 1 1 3 . 7 1 7 8 . 9 0 
0 . 2 0 . 8 6 9 2 1 3 9 . 9 1 4 . 0 0 0 1.086 2 0 3 . 4 0 9 3 . 0 9 
0 . 3 2 0 . 8 7 9 7 148 .77 2 . 8 9 4 1.210 2 6 7 . 9 1 9 4 . 0 2 
0 . 4 2 0 . 8 8 0 1 1 4 9 . 1 1 2 . 1 7 7 1.410 3 0 6 . 6 3 9 2 . 1 3 
0 . 5 2 0 . 8 7 6 9 1 4 7 . 2 4 1.710 1.719 3 1 9 . 3 3 9 1 . 3 6 
0 . 6 2 0 . 8 7 4 0 1 4 5 . 9 5 1.405 2 . 1 8 4 3 0 6 . 0 9 9 2 . 6 6 
0 . 7 2 0 . 8 7 5 5 1 4 6 . 3 0 1.209 2 . 8 8 8 2 6 7 . 2 1 9 4 . 7 3 
0 . 8 0 . 8 8 7 3 1 4 8 . 3 2 1.087 3 . 9 6 8 2 0 3 . 0 3 9 3 . 4 5 
0 . 9 0 . 9 2 0 8 1 5 0 . 9 5 1 .021 5 . 6 6 6 1 1 3 . 9 0 7 8 . 7 1 
2 Two-phase l i q u i d region 
Component(l) : normal hexane 
Component(2): n i t r o e t h a n e 
Temperature: 25.00°C. 
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Table 27 - (continued) 





Mole Mole StcL C a l . / g . C a l . / g . 
F r a c t . F r a c t . mm. Hq„ Mole Mole 
0 . 1 0 . 7 1 5 1 1 8 5 . 9 6 3 .787 1.015 9 2 . 6 4 1 1 2 . 8 8 
0 . 2 0 . 7 9 8 2 2 4 6 . 2 0 2 . 8 7 6 1 .066 165 .78 150 .58 
0 . 3 0 . 8 2 6 2 273 u 37 2 . 2 2 8 1.161 2 1 7 . 8 4 168„37 
0 . 4 0 . 8 3 9 3 2 8 6 . 1 2 1.781 1.309 2 4 8 . 1 7 1 7 7 . 3 2 
0 . 5 0 . 8 4 8 2 2 9 3 . 8 8 1.479 1 .524 256 .89 1 8 1 . 3 4 
0 . 6 0 . 8 5 8 3 3 0 1 . 0 8 1.276 1 .824 244 .57 1 8 0 . 9 3 
0 . 7 0 . 8 7 3 4 3 0 9 . 4 5 1 .144 2 , 2 3 5 2 1 2 . 0 3 174 .18 
0 . 8 0 . 8 9 7 4 3 1 9 . 2 0 1 .061 2 . 8 0 1 160 .10 156 .27 
0 , 9 0 . 9 3 6 2 329 .39 1.015 3 .598 89o38 1 1 6 . 1 5 






The equation of state used to describe the behavior of the gas 
phase for the purposes of this research is shown in Equation (23) for 
one mole of the gas. 
PV = RT(l + |) (23) 
B is the second virial coefficient. Since the virial coefficients were 
not available for all of the substances at the desired temperature, an 
arbitrary decision was made to calculate the virial coefficients of the 
(23) 
pure components by the acentric factor method of Pitzer and Curl 
This method is based on a modification of the theory of corresponding 
(23) 
states. Equation (24) presents the Pitzer and Curl equation used 
for calculating the second virial coefficient. 
RT 
B = — - [(0.1445 + 0.073 u) - (0.330 - 0.46 u)T _ 1 (24) p r 
rc 
- (0.1385 + 0.50 u)T "2 - (0.0121 + 0.097 u)T _ 3 
where 
- 0.0073 u T _8] 
r 
u = - log(jr) - 1.000 at T 0.7 (25) 
c 
For the second virial coefficient of the binary mixtures the 
(24) 
graph presented by Fox and Lambert was used. This graph was an 
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empirical correlation of the reduced second virial coefficient of the 
mixture, B / V* , as a function of the reduced temperature, I/I-* , 









The values of u [Equation (25)] were calculated from vapor 
pressure data presented in API 44 
Table 17 presents the values of B^, Bi2J ancl B22 ^or ^ e 
systems used in this research at the temperatures of interest. The 
molal volumes and the second virial coefficients used for the nitro-
methane--benzene system were taken from Reference (5) in order to fur-
nish a common basis for comparing the results of this research with that 
(5) of Brown and Smith . The second virial coefficients for the other 
systems studied in this research were calculated by the method described 
above. The molal volumes of the liquid and the critical constants for 
the hydrocarbons were taken from Reference (3l). The critical constants 
for nitroethane were estimated by the group contribution methods re-
(33) 
ported by Reid and Sherwood , and are shown below: 
T = 593°K. 
c 
P = 50.9 atm. c 
V = 0.230 liters/g. mole. c ' r 
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Table 17. Second Virial Coefficients and Liquid Molal Volumes 
Used for Computations for Binary Solutions 
System Temperature V1 V2 -B±1 -B22 -Blg 
^" £/mole £/mole 'E/mole £/mole Vmole 
2,2,4-tr imethylpentane--
nitroethane 25.00 0.166 0.072 2.93 2.37 1.88 
2,2,4-tr imethylpentane--
nitroethane 35.00 0.170 0.072 2.65 2.11 1.76 
2,2,4-tr imethylpentane--
nitroethane 45.00 0.170 0.074 2.42 1.88 1.74 
normal octane--nitroethane 35.00 0.160 0.072 3.71 2.11 1.88 
normal hexane--nitroethane 25.00 0.132 0.072 1.89 2.37 1.52 
normal hexane--nitroethane 45.00 0.135 0.074 1.58 1.88 1.32 
2-methylpentane--nitro-
ethane 25.00 0.133 0.072 1.65 2.37 1.51 
nitromethane--benzene 45.00 0.060 0.090 3.11 1.23 1.13 
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APPENDIX H 
THERMODYNAMIC CONSISTENCY TEST 
The remarks in this section will be considered to apply strictly 
only to binary solutions. This approach is used in order that the reader 
may see the simplicity of the concept involved in this consistency test. 
These ideas have evidently been heretofore overlooked by previous workers, 
probably because they appeared so simple on the surface as to create 
doubt as to their validity. Hence it was felt that the explanation 
and proof of the method for the binary case would serve the purpose of 
pointing out the power of the method, without any loss in generality. 
The reader will find that the method and the proof can be extended to 
multicomponent systems, after the binary mixture method and proof are 
understood. 
It is well-known that if one measures a set of vapor-liquid 
equilibrium data (x, y, P, T), the data are thermodynamically consist-
ent if and only if the appropriate form of the Gibbs-Duhem equation is 
satisfied identically for every (x, y, P, T) point in the set. 
E, » 
Now, suppose someone exhibits an algebraic function g [xj , , 
for the molar Gibbs excess free energy which possesses the following 
properties: 
1. ( ) n . j f g (x) , . ) = G (x) . . , t he t o t a l Gibbs f ree \ Li I A 3 model/ model 
i 
energy func t ion . 
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2. g (x) , . i s continuous for 0 < x < 1, x = n . / C n . + n c ) . 3 model ~ - l ' l 2 
9{? n ^ U ) ^ ^ ] } 8GE(x)model 
ani ani 
exists and is continuous 
for 0 < x < 1. 
4. The function ( ) n . ) ( g (x) , n ) = G (x) , . sat isfies the end 
\ L i / \ model/ model 
conditions: GE(o) = GE ( l ) = 0 . 
C l a s s i c a l thermodynamics t e l l s us t h a t a t cons tant T 
GE(p'Vn2Wmo = d
 ni)(Z xi 4) 
I I 
Equating G (P,n„,n0),, to G (x) , , we obtain: M 3 ' 1 2'thermo model 
GE(P,n ,n ) . , = ( T n . V y x . uE) = GE(x) , . 
' 1 2 thermo \L i/\L l ^1/ model 
(28) 
(29) 





_ J ̂ Qn.. T 
thermo i j 
+ Ihfer)  




- H + 
dnl Hhermo 
Li L i\Qn J -r . J l T,n. 
(31) 
By thermodynamics we can also relate (p..) to a functional 
1 thermo 
relationship involving (x, y, P, T); i.e., one which is evaluated from 










E, ... + V T /^J
(x'y'P'T)N 
— = ^(x,y,P,T) + U n j ( — ) T ? n (33) 
(31) Ibl and Dodge showed that: 
p 
v^ r /dvj(x>Y>p>T) 
l bl—s— J l T , n j -
= AV 
dP 
dn l ' T 
From Equations (33) and (34) we then obtain for constant 
temperature: 
model _ A wE 
dn1 
/ d P \ F 1 
( 3 r ) = ^vx>y>p>T>J 
1 T constant T 
(34) 
(3b) 
By an analogous procedure one can obtain a similar equation for 
constant pressure 
rdG model AH M /dT v E i 
— - - — ( — ) = p^xyy,?,?) 
L d n i T V d n i7P Jconstant 
(35a) 
Similar equations are true for any component, i: 
r d G ^ i c,dP v c n 
model A UE/ \ E/ _x 
L dn . -Av U r v T - M
x>y>p>T)J + + _ 





A H % — 
T Vdn. 
I 





If Equations (35) are satisfied, the set of data are thermodynamically 
E 
consistent and the G , . represents the data adequately. Since 
model M +/ 
Equations (35) involve functions which are in terms of the experimental 
quantities (x, yy P, T), it is possible to calculate a set of thermo-
dynamically consistent (x> y, P> T) data, provided the additional 
E M E M 
quantities AV or AH are available. If AV or AH are lacking, 
some assumption must be made concerning the error introduced by ne-
glecting these terms. 
Insofar as Equation (35c) is concerned, for the pressure and 
temperature ranges of the systems studied in this research, the volume 
term, AV (-—) , is small when compared to the other terms of Equa-
tion (35c) and can usually be neglected [Reference (34)]. Therefore for 
the computations in this research, Equation (35c) was assumed to be: 
-^Lffiodel = E ( x j y j P > T ) j -. (36) 
L ani x constant T 
It is worthwhile to remember that equation (35c) was obtained by re-
quiring the isothermal form of the Gibbs-Duhem equation [Equation (34)] 
to be identically true, and Equation (36) was obtained from Equation (35c) 
E/dP V by the assumption that the term AV (-—) was negligibly small. Thus 
ni T 
one can conclude from Equation (36) that if one can exhibit an alge-
braic model, G (x) , for which Equation (36) is true at each data 
point of the set of (x, y, P, T) experimental data, then the data 
satisfy the necessary and sufficient condition for thermodynamic con-
sistency. It should, however, be pointed out that if one exhibits an 
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p 
algebraic model, G (x) , ., for which Equation (36) is not true for 
each data point of the set of (x, y, P, T) experimental data, one 
p 
can only conclude that either the G (x) , . does not adequately fit 7 model ^ 
the experimental data, or else the data are not thermodynamically con-
sistent, or both. Therefore the Equation (36) is a sufficient condi-
tion for thermodynamic consistency. 
It should be remembered that this method is not dependent in any 
p 
way on the manner in which one obtains the g (x) , n function. All 7 3 model 
that is required is that the q (x) , , displayed must satisfy Equa-M 3 model r i i -i 
tion (36). 
Now the advantage of this method over other methods which have 
been previously proposed lies in the ability to decide how inconsistent 
the data are. Since Equation (36) relates a function, }l.(x, y, P, T) 
,pE/ \ 
to a function model , for a binary system and given values of 
dn. 
I 
x and T we are left with two equations in two unknowns, y and P. 
Hence mathematically it is possible to solve Equation (36) to find the 
values of y and P which correspond to a given x and T value. 
By picking the (x, T) values for the experimental measurements, it is 
possible to find a complete set of (x, y, P, T) which are thermo-
dynamically consistent. By comparing these values with the (x, y, P, T) 
values which were experimentally measured, a judgement may be made con-
cerning how inconsistent the data are. For example, if the experimental 
(x, y, P, T) data are reported to four significant figures, and the 
calculated (y, P) values corresponding to the (x, T) values 7 r ^ exp. 
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differ only in the fourth significant figure from the experimental 
(y, P) values at the same (x, T) points, one might conclude the 
data are consistent, even though mathematically speaking they are not 
rigorously consistent. In like fashion, the method allows the individ-
ual investigator to decide the question of consistency on the basis of 
his own accuracy requirements. The slope test and area test, which have 
been frequently used in the past, do not relate the deviation of the 
experimental (x, y, P, T) quantities to values which are experimentally 
accessible. Thus if the area test gives a value of 0.2 or the slope test 
gives some value, say 200, it is not possible to determine the correspond-
ing errors in the experimental (x, y, P, T) data. Thus it is felt 
that the new method developed in this research is more easily used and 
is directly related to deviations in the measured (x, y, P, T) data, 
thereby facilitating a more realistic judgement for using the (x, y, 
P, T) data for future calculations. 
At this stage in the discussion we will discuss the particular 
equations used for the isothermal thermodynamic consistency test in 
this research. 
p 
The model chosen for g (x) was the Redlich-Kister model: 
K 
gE(x) = loge(lO) R T X;L x2 £ A ^ - x^
1"* (36a) 
i=i 
In this research K was taken to be equal to or less than five. The 
E / \ E 
values of ji.(x, y, P, T) and p, (x, y, P, T) were calculated at each 
data point (x, y, P, T) using Equation (37), Equation (38), and Equa-
tion (39) 
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E ' ^ P 




E- , y . p 
^(x.y.P.T) = R T l„(-S_) + (Bss - V°) (P - p°) + R^ P(y«) (38) 
2 2 
R = 2B^ - B„ - B00 (39) 
12 12 11 22 
p 
Then {g.} was calculated by Equation (40): 
gE(x) = x ^ U y ^ T ) + x2 Hg(x,y,P,T) (40) 
The values of A. in Equation (36a) were evaluated by a least squares 
p 
fit of Equation (36a) to the data set [g-}« 
Substituting Equations (36a), (37),. ,.(38), and (39) into Equation 
(34) gives Equations (4l) and (42). 
R T l n ( — ) + (B - V°)(P - p°) + R P( y2) = (J) , . (4l) 
Vx Do/
 v ii i'v Fi' 12 72 XH,i'model 
r l 
f •" 
= R T log (lO){x2[A + A (3x - x ) + A (5x - x ) ( x - x ) 
^e ' c 2 1 2 1 2 3 1 2 1 2 
+ A (7x - x ) ( x - x ) 2 + A (9x - x ) (x - x ) 3 ] ] 
4 1 2 1 2 5 1 2 1 2 J 
R T I n ( ^ ) + (B 2 2 - V2°)(P - p°) + R12 P(y
2) = ( ^ ) (42) 
X2P2 
= R T log e ( lO){x
2 [A 1 + A2{x± - 3x2) + A g ^ - 5xg) ( x ± - xg) 
+ A4(X;L - 7x 2)(X ; L - x 2 )
2 + A5(X;L - 9x2){x± - x 2 )
3 ] } 
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E) , J- R T ln(^-§^)-(B - V°)p° + (B -V°)p° vpi'model p2;model VoP? x J 22 2 2 X1 x x 
P = 2~J^ (43) 
(B - V° - B + V° + R y2 - R, y2) 
v 11 1 22 2 12 y2 12 yV 
The procedure consisted of the following: 
1. Pick (x.) , recalling that T is known (isothermal 
l exp, 
data), and assume a value for y» 
2« Calculate P from Equation (43)-. 
3. With these (x, y, P, T) values, see whether Equation (4l) 
is satisfied. 
4. If Equation (4l) is true, stop; the (x, y, P, T) values are 
correct. 
5. If Equation (4l) is false, increase y by some specified 
increment and repeat steps 2 - 5 until 4 is true. By this proce-
dure it was possible to generate the set of thermodynamically consist-
ent data which satisfied both Equation (4l) and Equation (42) simul-
taneously. 
6. The set of (x, y, P, T) data were compared with the experi-
mental data to see whether the model values and the experimental data 
agreed. If the data set calculated from the model agreed with the ex-
perimental data set, within the limits of the experimental error 
(± 0.0005 mole fraction, ± 0.05 mm. Hg.), the data were considered 
consistent and the particular model was said to represent the data 
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adequately. In general, for the systems studied in this research, more 
than two constants were required in the Redlich-Kister equation, and 
sometimes four constants were necessary. The use of five constants did 
not enhance the apparent consistency of the data when compared to the 
four-constant results for the systems studied in this research. 
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